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ABSTRACT 
Graphitic carbon-water interaction or wettability of graphitic materials has received significant 
interest due to extraordinary thermal, physical, and electrical properties of different forms of 
graphitic carbon and influence of wettability in condensation, adhesion, separation, tribology, and 
adsorption. This important surface property is affected by change in topography, chemical 
heterogeneity, and surface charge. Graphene, which is a single atom thick sheet of graphitic carbon 
and building block of graphite, is an ideal model material to study this interaction. However, due 
to defect formation and contaminant adsorption from ambient atmosphere during the fabrication 
and use, wettability investigation using conventional means has been insufficient to investigate 
intrinsic wettability of graphene. Therefore, nanoscopic, microscopic and spectroscopic 
investigations under controlled conditions were performed to elucidate the relationships between 
surface defects, functionality, doping and wettability of graphene.  
First study on wettability focuses on the influence of surface defects and functional groups of 
multilayer graphene, used as a model for graphene surface. The investigation reveals that airborne 
hydrophobic contaminants, adsorbed on graphene surface in the form of functional groups, can 
influence the wettability of graphene and graphite significantly (as high as 50˚ in water contact 
angle (WCA) change), and were found to be stable even under harsh conditions (i.e., at 1000 °C 
temperature, and in hydrofluoric acid). A WCA value of 45 ± 3° was measured for a clean highly 
oriented pyrolytic graphite (HOPG) surface, which can serve as the intrinsic WCA for multilayer 
graphene. In addition, WCA for multilayer graphene changed from ~5° to ~80° based on the 
surface functional groups and defects remaining and subsequent surface treatment/cleaning 
methods (i.e., thermal, physical, and chemical treatment). To demonstrate the stable hydrophobic 
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characteristics of single layer graphene, hydrophobic graphene-hydrophilic SiO2 patterns were 
fabricated by a graphene micro-patterning technique developed in our laboratory. These micron 
scale patterns show dropwise condensation on graphene and film-wise condensation of SiO2.  
In the second study, the doping-induced WCA tunability of graphene was investigated. As high 
as 13˚ modulation in WCA was observed for 300 meV chemical doping. For both n- and p-type 
doping using subsurface polyelectrolytes, graphene exhibits more hydrophilicity. Furthermore, 
adhesion force measurements using a hydrophobic self-assembled monolayer coated atomic force 
microscopy probe shows enhanced attraction towards undoped graphene, consistent with the 
wettability modulation. Such doping-induced wettability modulation is also achieved via 
subsurface metal doping. These measurements suggest for the first time that modulation of charge 
carrier density in graphene influences its wettability on the micro- and meso-scale. This tunable 
wettability due to doping opens the possibility of using graphene as a coating layer with tunable 
surface adhesion towards target chemicals/molecules.  
Inspired by the fundamental studies on wettability of graphitic materials, their potential as 
separation membranes was evaluated for membrane distillation (MD) and a transformative water-
energy cogeneration technology operating at supercritical conditions of water. Based on the 
finding that hydrophobic contaminant layer is stable, different graphitic carbon membranes (i.e., 
graphite, carbon nanotube (CNT), pyrolytic carbon, and graphene) were fabricated and evaluated 
for their potential to work as a separation device for both room and high temperature MD 
application. In particular, a new class of robust CNT membranes is developed using a scalable 
chemical vapor deposition method by direct growth of the CNT on a nickel alloy (Hastelloy) mesh 
with micrometer-sized openings. The developed membrane is superhydrophobic, corrosion and 
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oxidation resistant (up to 500 °C), and shows similar desalination performance as a commercial 
Teflon MD membrane. These robust carbon membranes are reusable and expected to be less 
susceptible to fouling because of their superhydrophobic properties. Furthermore, if fouled, they 
can be regenerated by heating in air or using an acid wash. 
This dissertation builds a framework to find a correlation between WCA of graphene with 
surface functional groups, doping level, and defects that can help design advanced graphitic 
carbon-based devices in the future. Moreover, development of graphitic carbon membranes 
suitable for high temperature applications opens the door of new possibilities for MD-based water 
desalination technology. 
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Chapter 1 
 
Introduction 
 
 
1.1 Importance of Wettability 
 
The interaction of water with different materials or wettability is of paramount importance in 
nature and for many different application areas of technological importance. Anti-wetting property 
found in plants and insects in nature is behind fascinating phenomena like self-cleaning, micro-
droplet manipulation, anti-bioadhesion, reduced friction, water/fog collection, water-oil separation 
(Figure 1-1) [1,2]. Among applications of technological importance, wettability influences the 
performance of supercapacitors [3,4], evaporation and condensation heat transfer [5–8], droplet 
manipulation and emulsion formation in microfluidics [1,9–11], performance of biofouling 
resistant surfaces [12], liquid lens and electro wetting displays [13–18], water and energy 
harvesting surfaces [19,20], smart fabric, anti-frost surfaces [21], chemical and biosensors [9,22–
28] and separation of a desired component from aqueous solution [29–31] (Figure 1-2).  Therefore, 
technological advance in these areas is dependent on an in-depth understanding of water-material 
interaction. 
With seminal works in the 1800s from Young [32] and Laplace [33], the field of wettability 
has seen significant progress over the years [34–38]. This chapter will briefly discuss basics of 
wettability, with its dependence on scale and external stimuli, and then will focus on the 
importance of studying the wettability of graphitic materials and their application in separation. 
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Figure 1-1: Anti wetting property found in nature leading to fascinating properties and phenomena,  
for example self-cleaning, anti-icing/antifogging, micro-droplet manipulation, fog/water 
collection, water/oil separation, anti-bioadhesion, microtemplate for patterning, and friction 
reduction [1]. 
 
 
1.1.1 Fundamentals of Wettability and Measurement Techniques 
 
Water wettability of a surface is dependent on surface heterogeneity (i.e., roughness, 
contaminants, etc.) and surface forces [38–40]. Among surface forces, van der Waals force exists 
between all matters, and consist of three components – namely London dispersion (between 
induced dipoles), Debye (between induced and permanent dipoles), and Keesom (between 
permanent dipoles) forces. Electrostatic force however, works between charged bodies with 
vacuum or liquid medium in between them, and is important to consider when a charged substrate 
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is in contact with polar water. In addition to van der Waals and electrostatic forces [40], structural 
forces (e.g. hydrogen bonding effect) can also influence wettability [41]. Depending on the above 
mentioned factors, water may completely or partially wet a solid [38]. For a partially wetting solid, 
wettability can be represented by the shape of water droplet on a solid. The shape of the water 
droplet is related to surface tension of the solid material in contact with water, and is described by 
the Young’s equation [32]. In this equation, the mechanical equilibrium of the drop is determined 
by mutual interplay of three interfacial tensions- namely solid-vapor surface tension σsv, solid-
liquid surface tension σsl, and liquid-vapor surface tension σlv. The stable droplet formed in this 
manner on top of the solid forms an angle Ɵ with the solid known as Young’s equilibrium contact 
angle. In equation form this can be represented as [42], 
𝜎𝜎𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 𝜎𝜎𝑠𝑠𝑙𝑙 − 𝜎𝜎𝑠𝑠𝑙𝑙               (1-1) 
A schematic diagram of the relationship shown in Equation (1-1) is presented in Figure 1-3. 
Usually based on water contact angle (WCA) values, water wettability of a material is determined. 
If the WCA is less than 90°, the material is hydrophilic. Otherwise the material is hydrophobic. 
Therefore, equilibrium static WCA or Young’s contact angle serves a water wettability measure 
for a solid, but for ideal surfaces. Real surfaces are rough, chemically heterogeneous, and therefore 
apparent WCA measurements may give erroneous results [42]. Also, the WCA is dependent on 
temperature and pressure of the surroundings. High temperature and pressure of the surroundings 
can affect wetting by changing the properties of water and cause what is known as wetting 
transition [43–45]. Reduced pressure, on the other hand, can cause change in droplet shape by 
evaporation [46]. Additionally, other external stimuli like electricity, light, etc. can also influence 
wettability in a reversible or irreversible manner [18,47]. Therefore, if the solid under investigation 
is flat, homogeneous, and in a controlled surroundings below wetting transition temperature, static 
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WCA measurement can represent the water wettability of the solid. However, for systems 
operating near, at or above the critical temperature and pressure of water, because the wettability 
is dependent on temperature and pressure, it cannot be represented by Young’s contact angle 
measured at standard temperature and pressure [45].  
 
Figure 1-2: Application areas of technological importance that are influenced by water wettability. 
Adopted from [1,6,11,14,19,27,48]. 
 
Figure 1-3: Schematic diagram illustrating Young’s angle of a water droplet in equilibrium due 
to balance between different surface tensions. 
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It is important to accurately measure or quantify the water wettability of different materials. 
There are many ways to perform the measurement- e.g. weight of hanging drops, rise in a capillary 
tube, adhesion of a disc to the surface, excess of pressure in a spherical bubble produced in a liquid, 
direct measurement of curvature of the surface, film flotation, contact angle, etc. [42,49]. Among 
these methods, WCA measurement is a simple yet accurate method. To measure WCA, generally 
a sessile drop of water of couple of microliter in volume is placed on the target solid, and image 
analysis of the droplet shape is performed using computer software. However, this macroscopic 
wettability may not represent the actual wettability of the target solid at micro- or nanoscale. When 
the water droplet is in submicro- or nanoscale, line tension influences the wettability, and more 
hydrophilic behavior can be observed [50,51]. Therefore, it is important to devise experiments that 
can accurately investigate wettability at micro- and nanoscale. The following section briefly 
describes experimental techniques for micro- and nanoscale wettability investigation.  
1.1.2 Wettability at Micro and Nanoscale 
  
Due to vast improvements in characterization techniques like electron microscopy, atomic 
force microscopy (AFM), X-ray based spectroscopic techniques, probing and understanding of 
wettability at micro- and nanoscale is possible. Such micro- and nanoscale wettability 
investigations have benefitted a wide range of application areas, including microfluidics, 
chemical/biological sensing, and separation. The wettability investigation at micro-scale has been 
successfully demonstrated using environmental scanning electron microscope (E-SEM) (Figure 
1-4) [52–54]. Presence and shape of nanodroplets can be investigated using AFM (Figure 1-4) 
[55]. Wettability of nanoparticles has been investigated by using freeze-fracture shadow-casting 
cryo-SEM (Figure 1-4) [56,57]. These techniques not only provides valuable static wettability but 
also captures the dynamic nature of water material interaction during condensation and freezing. 
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Figure 1-4: WCA measurement at micro-and nanoscale using E-SEM, low temperature scanning 
electron microscopy (Cryo-SEM), and AFM. Adopted from [54–56].  
 
1.1.3 Tunable Wettability 
 
Due to emergence of demanding application areas requiring multifunctionality, tunable 
wettability due to external stimuli is gaining popularity. For example, boiling heat transfer can be 
electrostatically controlled via charged surfactants, and therefore enhanced performance of steam 
generators can be achieved [58]. With engineered materials, wettability was shown to be 
modulated by applied strain, temperature and pH [47]. In addition, the tunable wettability can be 
used to modulate other properties such as adhesion [59].  Therefore, it is important to study the 
wettability of materials influenced by external stimuli for their stability during certain application 
and possible multifunctionality. 
 
1.2 Influence of Wettability in Desalination of High Salinity Water 
 
Due to worldwide water shortage and contamination of fresh water sources, separation, 
specifically desalination is the area that needs urgent attention [60]. In addition to brackish and 
seawater desalination, exploration of alternative water sources can help reduce the stress on fresh 
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water sources. Due to exploration of natural resources like oil, gas, coal, and potential brine 
extraction from CO2 sequestration in deep saline formations, a significant amount of water with a 
total dissolved solid contents of <10,000 to >100,000 ppm water is or can be produced [61,62]. In 
addition, concentrated brine produced from desalination plants is another major source of high 
salinity water [60,63]. This high salinity water can be considered as a valuable resource for 
producing fresh water to supplement limited fresh water resources [62,64]. The leading 
desalination technology reverse osmosis (RO), suffers from concentration polarization at high salt 
concentration, and a need to overcome osmotic pressure greater than 1500 psi, more than the RO 
system allowable pressure [62]. Among emerging techniques to handle highly saline water is 
supercritical water salt precipitation and membrane distillation (MD) [65,66]. Dastgheib and 
Shannon combined both of these techniques to propose a technology that cleans water and 
simultaneously produces power [64,67]. For this technology, the MD should operate at high 
temperature rather than at low temperature (below 100°C) for the conventional MD. The MD 
depends on wettability characteristics of membrane. The vapor-liquid interface formed at the pores 
of a hydrophobic membrane governs the separation process between salt and water or between 
volatile and non-volatile components of the feed solution (Figure 1-5) [68,69]. Pure water flux 
through the pore depends on the difference in water vapor pressure across the pore [68]. Therefore, 
the MD is an excellent example of a desalination technology that is heavily influenced by 
wettability of the membrane. Mostly, polymeric materials are investigated for the conventional 
MD technology due to their hydrophobicity and low cost [68]. However, graphitic materials are 
promising candidates for the MD both at low and high temperature due to their hydrophobicity, 
thermal and chemical resistance, and unique interaction with water, as discussed in the following 
sections.  
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Figure 1-5: Vapor-liquid interface controlling the separation in MD. 
 
1.3 Wettability of Graphitic Carbon Materials 
 
Among different forms of carbon, graphitic carbon forms, e.g. graphene, carbon nanotube 
(CNT), graphite, etc. are getting the most attention now-a-days because of their superior electrical, 
thermal, and physical properties [70–74]. Due to their extraordinary properties, the graphitic 
carbon materials have become the material of choice for investigation in the scientific community. 
They have shown promise in many application areas including but not limited to condensation heat 
transfer [75], supercapacitor [76–79], water harvesting [80], sensing [81–87], separation [88–94], 
electrowetting [95] applications. Therefore it is important to study wettability of graphitic 
materials. 
Wettability of graphite has been studied for many decades. The predominant perception about 
graphite was it is a hydrophobic material [96,97]. This perception was challenged by research 
conducted in 1970’s showing that graphite is hydrophilic with a strongly adsorbed hydrophobic 
coating on top [98,99]. Due to difficulty in measuring the WCA on a clean graphite surface, 
hydrophilicity of graphite was not well accepted in the scientific community. However, with the 
advent of 2-dimensioanl analogue of graphite, namely graphene, wettability research of graphitic 
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materials has gained momentum. A fundamental understanding of wettability of graphene and 
graphite has been required for their broader applications. In addition, due to intrinsic defects in 
single layer graphene [93], reliable micro-scale wettability study of defect-free graphene is 
required. Moreover, external stimuli driven tunable wettability study of graphene at different 
length scales has not been performed, and can open the door of exciting new applications for 
graphene [100,101]. Following sections briefly discuss the newer nanocarbon materials among 
graphitic carbon materials and their wettability studies.  
1.3.1 Introduction to Nanocarbon Materials- Graphene and CNT 
 
Carbon has many different forms depending on the hybridization state of its ‘s’ and ‘p’ 
molecular orbitals [102]. For example, diamond has sp3 hybridized orbitals, whereas graphene and 
graphite have sp2. Fullerene and carbon nanotube however, have sp2+᷃δ hybridization (δ=0-1), due 
to their curved surfaces. This dissertation will focus on two type of nanocarbon materials-namely 
graphene and CNT, and they are briefly discussed below. 
Graphene- Graphene is a two dimensional (2D) material of carbon atoms, and can be 
considered as the building block of other carbon allotropes (Figure 1-6A). After its discovery in 
2004 by Novoselov and Geim [103], graphene has been subject of interest due to long range π 
conjugation resulting in unique electrical, mechanical, thermal, and chemical properties [104]. For 
example, graphene interacts with molecules weakly adsorbed on its surface by donating or 
accepting charge carriers resulting in modulation of carrier concentration or doping [74]. 
Moreover, single layer graphene subjected to substrate induced doping, was found 10 times more 
reactive for electron transfer chemistries than graphite [105]. In addition, chemically induced 
change in single layer graphene properties that are not observed in bulk graphite, and can give rise 
to interesting surface science phenomena [74]. Large-area graphene is synthesized by chemical 
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vapor deposition (CVD) [106]. During CVD, a carbon containing precursor gas at high 
temperature adsorbs on relatively flat catalyst surface, decomposes to carbon and hydrogen, from 
which carbon diffuses in the catalyst and forms graphene, and hydrogen desorbs away [107] 
(Figure 1-6B).  
 
Figure 1-6: A. Graphene envisioned as the building block of other carbon allotropes. B. Graphene 
and CNT growth on metal catalyst by chemical vapor deposition process. Adopted from [107–109, 
112]. 
 
CNT- CNT is another carbon allotrope that can be thought of as rolled up sheet of graphene. 
After first experimental demonstration by Iijima in 1991 [110], CNT has attracted attention of the 
scientific community due to its unique electrical, mechanical, and physical properties. CNT can 
be single or multi walled with diameters up to 100 nm [111], and can be synthesized by CVD 
similar to graphene. However for CVD of CNT, catalyst metal should form nanometer sized 
islands for the growth of individual CNTs (Figure 1-6B) [112]. CNT may follow root or tip growth 
depending on whether the catalyst particles remain on the surface or detach to move outwards 
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[112]. Contrary to intuition, hydrophobic CNT has shown ballistic transport of water molecules 
[113,114], which has attracted a lot of attention of the desalination community.  
1.3.2 Wettability of Nanocarbon Materials 
 
Wettability of graphene and CNT has been a subject of interest soon after the nanomaterials 
were discovered [115,116]. In addition to conventional techniques, sophisticated micro- and 
nanoscopic techniques were employed to study the wettability property of these nanocarbons 
[117,118]. Both graphene and CNT has been reported to be strictly hydrophobic (WCA ~90°)  
[117,119]. Compared to flat graphene or graphite surface, curved CNT surface was reported to be 
slightly hydrophilic (WCA of CNT ~82° vs. ~90° for graphene) due to stronger polar component 
of its surface energy [118]. However, recent reports of wetting transparency, air-borne 
contamination of graphene, and simulation study showing hydrophilic character of graphene [120–
122], warrant more experimental investigation of the intrinsic wettability of graphitic carbon 
materials. Wetting transparency, a phenomenon ascribed uniquely to single layer graphene, 
emphasizes the influence of van der Waals force emanating from a substrate underneath graphene, 
on the wettability of graphene. Yet other researchers have reported the ability of graphene to screen 
the van der Waals force coming from underlying substrate [123]. Therefore, fundamental study on 
the contribution of surface forces to the wettability of graphene is required to shed more light on 
this topic. Recent simulation study have shown wettability of graphene can be tuned by doping 
induced change in surface electrostatic force [124]. Graphene, having two dimensional gas of 
massless Dirac fermions that can be influenced by doping [125], is ideal for testing the concept of 
doping induced tunable wettability investigation. Wettability of both graphene and CNT can be 
tuned from superhydrophilic to superhydrophobic by chemical modification, which changes their 
pristine nature [119,126–128]. Nevertheless, graphene and CNT can be superhydrophobic solely 
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based on the surface topography (for graphene) or alignment (for CNTs) [127,129,130]. 
Superhydrophobic nanocarbon materials can be useful for many different applications related to 
surface science, including separation that is discussed below.   
 
1.4 Graphitic Carbon Materials for Separation Applications 
 
Graphitic nanocarbon materials showed promise in various separation applications including 
desalination [91,92,131,132]. For example, in capacitive deionization based desalination 
technique, graphitic carbon-based electrodes are used to utilize their chemical inertness and 
superior electrical properties [131,133–135]. Another emerging  technology that can benefit from 
the wettability property of graphitic carbon membranes is the MD [88,132,136,137]. Graphene 
and CNT membranes have shown great promise regarding pure water transport, which is several 
orders of magnitude higher than conventional membranes [90,92–94,113,114,138–140]. Yet 
graphitic nanocarbon membrane based techniques have not been commercialized due to 
requirement of complicated micro- and nanofabrication techniques [92,94,132] (Figure 1-7). In 
addition, graphitic membranes often incorporate polymers, which limits their application to low 
temperature desalination. However, for high temperature MD [64,141,142], graphitic membranes 
that are stable at high temperature and maintain their hydrophobicity can be promising materials. 
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Figure 1-7: Graphitic nanocarbon membranes requiring sophisticated nanomanufacturing or 
polymer blending techniques. Adopted from [94,143]. 
 
1.5 Overview of Chapters  
 
This thesis focuses on fundamental investigation of wettability of graphitic materials, and their 
application for desalination. I will discuss the intrinsic wettability of multilayer graphene, 
influence of surface functionality, defects, and doping on the wettability of graphene in the first 
part of my thesis. The second part of my thesis will focus on the potential of graphitic carbon 
materials as membranes for conventional MD and emerging high temperature MD. An overview 
of different chapters is set forth below. 
In Chapter 2, experimental investigation of intrinsic wettability of multilayer graphene, non-
destructive cleaning techniques to remove air-borne hydrophobic contaminants, influence of 
surface defects and functionality, and contamination prevention techniques are presented (Figure 
1-8). In addition, microscopic wettability characterization of graphene hydrophobic-hydrophilic 
patterns, fabricated using stencil mask and oxygen plasma is demonstrated. 
 
14 
 
 
Figure 1-8: Schematic diagram showing influence of surface functionality and defects of graphene 
on wettability as discussed in Chapter 2. 
 
In Chapter 3, the relationship between wettability of single layer graphene with charge carrier 
density is demonstrated through various means (Figure 1-9). Firstly, unique subsurface chemical 
doping of graphene realized through customized graphene transfer setup, and verified through 
variety of microscopic, spectroscopic, and electrical characterization techniques is presented. 
Secondly, the influence of this doping on wettability at micro-scale and adhesion at nano-scale 
were demonstrated. Thirdly, similar tunable wettability was demonstrated by metal induced doping 
and metal-graphene junction. Finally, active tunability was demonstrated by electrical doping of 
graphene.  
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Figure 1-9: Schematic diagram showing influence of doping of graphene on wettability as 
discussed in Chapter 3. 
 
Chapter 4 highlights the development, characterization and application of CNT membrane for 
conventional MD (Figure 1-10). The fabricated CNT on Hastelloy membrane exhibits 
superhydrophobicity, strong interfacial bonding, corrosion resistance, and high temperature 
resistance. Notably, this membrane demonstrates similar performance as commercial Teflon 
membrane, and better performance during multicycle tests. 
 
Figure 1-10: Schematic diagram showing desalination by MD using graphitic membrane as 
discussed in Chapters 4 and 5. 
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Finally, I will demonstrate the potential of high temperature and pressure MD for innovative 
power-water cogeneration system envisioned by Dastgheib and Shannon [67] (Figure 1-10 and 
Figure 1-11) in Chapter 5. Preparation of membranes made of graphite, graphene and pyrolytic 
carbon is presented first in this chapter. Secondly, the usefulness of high temperature and pressure 
MD is highlighted. Finally, the supercritical water desalination system is described and testing of 
membranes with high temperature and pressure MD systems is discussed. 
 
Figure 1-11: Three dimensional layout design for the high pressure/temperature desalination 
system (Courtesy of Parr Instruments). 
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Chapter 2 
 
Spectroscopic Investigation of the Wettability 
of Multilayer Graphene Using Highly 
Ordered Pyrolytic Graphite as a Model 
Material and Hydrophobic-Hydrophilic 
Graphene Micro-Patterns1 
 
 
2.1 Intrinsic Wettability of Multilayer Graphene 
 
Graphene, as one of the carbon allotropes with sp2 hybridization, has a crystalline, single-layer, 
and hexagonal crystal structure. Because of its superior electrical, thermal, and physical properties, 
it has the potential to be used in the development of transformative electronic, sensing, energy 
storage, and separation technologies [1–5]. The interaction of graphene with water, or its 
wettability, is quantified by measurement of the water contact angle (WCA). WCA is an important 
quantity for various applications that involve direct interaction of the graphene surface with water 
molecules (e.g., adsorption, adhesion, lubrication, surface condensation, separation, and sensing) 
or as a general parameter in the characterization of the physical and chemical properties of 
graphene. Although the graphite–water interaction has been studied over the past decades [6–10], 
the WCA of graphene is a recent topic of interest [11–18]. A summary of reported WCA 
                                                 
1 [All the material in this chapter except section 2.4 is reproduced with permission from Ashraf, Ali, Yanbin Wu, 
Michael C. Wang, Narayana R. Aluru, Seyed A. Dastgheib, and SungWoo Nam. "Spectroscopic Investigation of the 
Wettability of Multilayer Graphene Using Highly Ordered Pyrolytic Graphite as a Model Material." Langmuir 30, no. 
43 (2014): 12827-12836. Copyright (2014) American Chemical Society] 
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measurements of graphite and graphene materials [reduced graphene oxide (GO), epitaxial 
graphene (EG), and chemical vapor deposition (CVD) synthesized graphene] is presented in Table 
2-1 [7–16,18–22]. In the majority of previous works, graphite is considered a hydrophobic 
material, with WCA values in the range of approximately 80–100° (e.g. 85–98°) [9–13]. However, 
much lower WCA values for a clean, oriented graphite surface have also been reported (e.g., WCA 
= 35 ± 4°) [6]. For graphene films, WCA values vary widely, from 33 to 143° depending on the 
substrate, graphene characteristics, and measurement methodology (Table 2-1).  
Surface roughness [23], wetting transparency [16], and ambient impurities [6–8,14,24] may 
affect the WCA values. Surface roughness and inhomogeneous topography have been observed 
for both suspended and EG films [3,17,18,25]. Hsieh et al. reported a WCA of 143° for graphene 
prepared from the reduction of GO at 700 °C [18]. The observed superhydrophobicity of the 
graphene film was explained based on the nonpolar character of the surface and the roughness 
created by flake-like voids between the graphene nanosheets [18]. Recent research suggests that 
the WCA of graphene might be influenced or controlled by the molecular or electrostatic 
interactions of water molecules with the substrate surface through a single- or few-layer graphene 
film, a phenomenon known as wetting transparency [15,16]. The effect of air impurities and 
surface contamination on the wettability of the graphite surface was first investigated by Schrader 
in the 1970s [6,7]. Schrader showed that reducing the hydrophobic hydrocarbonaceous 
contamination deposited naturally from air on an oriented graphite surface reduced the WCA from 
a range of 50–80° to 35 ± 4°. Recently, Li et al. used infrared spectroscopy and X-ray photoelectron 
spectroscopy (XPS) to show that airborne impurities increased the WCA of CVD-grown graphene 
films [14].  
Highly ordered pyrolytic graphite (HOPG) is one of the purest forms of graphite, and its surface 
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can represent the graphene surface well. It is frequently used as a source material for exfoliated 
graphene [26]. Unlike graphene films grown on different support materials, HOPG is composed 
of stacks of multiple layers of highly ordered graphene layers. The wettability of CVD-deposited 
or epitaxially grown graphene films might be affected by the substrate properties and defects or 
inhomogeneous deposition of graphene [3,20,25,27], whereas the WCA measurement of HOPG 
under controlled contaminant-free conditions could provide the intrinsic wettability of the 
multilayer graphene surface. The intrinsic value of WCA is a critical parameter that can be used to 
validate the simulated interaction of water molecules with the graphene surface for different 
applications, including separation and sensing [11,28]. 
The objective of this portion of the work was to measure the intrinsic wettability of the clean 
multilayer graphene surface through WCA measurements of HOPG under controlled conditions, 
investigate different nondestructive cleaning techniques for HOPG, determine the influence of 
surface defects and functionality on wettability of HOPG using spectroscopic means, and evaluate 
the condensation performance of graphene hydrophobic-hydrophilic patterns.  
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Table 2-1. Reported WCA of Graphene and Graphitea 
Sample description 
Graphene WCA 
(°) 
Graphite/HOPG 
WCA (°) Reference and notes 
Cleaved, oriented graphite 
annealed and evacuated at ultra-
high vacuum (a), ion bombarded 
(b) 
— 35 ± 4 (a), 0 (b) [6], clean surface 
and water vapor 
environment 
HOPG: as received (a); cleaved 
(b); sputtered (c) 
— 95 (a), 62 (b), 5 (c) [8] 
Polished graphite — 85.7 ± 0.2 [9] 
Cleaved, high-pressure-annealed  
graphite 
— 84.6 [10] 
Exfoliated graphene sheets, 
natural flake graphite 
127 98.3 [12] 
Monolayer graphene, cleaved 
HOPG 
93 ± 2 93 [11] 
EG on SiC substrate, cleaved 
HOPG 
92.5 91 [13] 
GO reduced by heat treatment at 
700 °C 
143.2 — [18] 
CVD graphene on hydrophobic 
(b) and hydrophilic (l) SiO2 
95 (b), 40 (l) — [15] 
Single-layer CVD graphene on 
Cu and cleaved HOPG 
44 64.4 [14], WCA 
measured quickly 
Single-layer CVD graphene on 
Si (a),  Au (b), and glass 
substrates (c) 
33.2 (a), 78.8 (b), 
48.1 (c) 
— [16] 
CVD graphene on Cu 
(monolayer on Cu) and Ni 
(multilayer  on Ni) 
93.8 (Cu) 90.4 (Ni) [19] 
Mono- and multilayer EG on SiC 72.9 (single) 91.6 (multi) [29] 
Reduced GO on stainless steel 120 — [21] 
Reduced GO on quartz 66.5–69 — [22] 
aHOPG, highly ordered pyrolytic graphite; EG, epitaxial graphene; GO, reduced graphene oxide; 
CVD, chemical vapor deposition. 
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2.1.1 Materials and Methods 
 
A SP-1 or calibration-grade HOPG sample with dimensions of 10 × 10 × 2 mm was obtained 
from Structure Probe, Inc. (West Chester, PA, USA). The HOPG sample exhibits a mosaic spread 
of 0.4 ± 0.1° and has a density of 2.27 g/cm3. Ultra-high-purity (UHP) argon and regular-grade 
hydrogen gasses were purchased from S.J. Smith (Urbana, IL, USA). Water used for WCA 
measurement is high purity deionized water with average resistivity of 16-18.2 MΩ-cm supplied 
from laboratory water purification systems (i.e., Thermo Fisher Smart2Pure water purification 
system) and cleanroom water purification system (consisting of particle filter, softener, carbon 
filter, Reverse (RO) membrane, polisher resin bed, ultraviolet (UV) disinfection bulb, and micro-
filter). 
The following methods were used to measure the intrinsic WCA of HOPG by mechanical 
cleavage (Figure 2-1). 
 
Figure 2-1: Schematic diagram showing different HOPG sample preparation methods for WCA 
measurements. 
 
Cleaving in air followed by WCA measurement in air. After cleaving the HOPG sample by 
using adhesive tape, the WCA was measured with a goniometer after approximately 5 s. The whole 
process was performed in a Class 100 clean room at 21 °C and 40% relative humidity. 
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Cleaving in liquid water followed by WCA measurement in water vapor. A piece of adhesive 
tape was attached to the sample surface, and the sample was submerged in a vial filled with 
degassed (by purging with UHP argon for 20 min) DI water. The sample was then peeled with a 
spatula while submerged in water (Figure 2-2a). The vial opening was closed by using a septum 
and a three-way luer valve. From inside the vial, air and liquid water were removed by applying a 
vacuum (Figure 2-2b). After removal of the liquid water, the inside atmosphere of the vial was 
occupied by water vapor. A water droplet was formed with a syringe and was carefully placed on 
the HOPG sample. An image of the water droplet on the sample was obtained for the WCA 
analysis. 
 
Figure 2-2: Experimental setup for cleaving HOPG in water (a) and WCA measurement in a water 
vapor atmosphere (b). 
 
Cleaving in UHP argon followed by WCA measurement under UHP argon. The HOPG 
sample was attached to the bottom of a 20 mL vial with a piece of adhesive tape (Figure 2-3). A 
second piece of adhesive tape was attached to the top surface of the sample. This piece was 
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attached to the HOPG surface in such a way that no visible air bubbles were present, to achieve a 
uniform peeling surface. The other end of the top adhesive tape was wrapped around a thin copper 
wire. This thin copper wire was passed through a septum, which closed the opening of the vial.  
After purging the vial with UHP argon for 30 min at a flow rate of 1 L/min to remove 
contaminants, the top layer of the HOPG sample was peeled away by pulling the copper wire, 
which was attached to the adhesive tape. A needle connected to a syringe filled with degassed DI 
water was lowered inside the vial until the tip of the needle was close to the freshly cleaved sample 
surface. After opening the luer valve connected to the syringe, a droplet was formed and gently 
placed on the HOPG surface. The image of the water droplet on the sample was taken quickly 
(within 1 min) while the argon was flowing. No bubble formation was observed at the interface of 
the water droplet and the HOPG surface. Measured WCA on a smooth surface can be about 4° 
smaller if the water droplet placed on the sample evaporates and decreases in height by 20% [30]. 
Water evaporates differently in different gas atmosphere (having different water vapor diffusivity) 
and in different pressures [31]. For example, at atmospheric pressure and in nitrogen environment, 
water droplet evaporates and decreases in volume by 3 nls-1. Argon has similar water vapor 
diffusivity as nitrogen at room temperature and should have similar water evaporation rate [32]. 
Therefore, for a 4 µl standard water droplet on smooth HOPG surface in argon environment, WCA 
should not be affected if the droplet image is captured within 1 minute (change in volume ~4%).  
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Figure 2-3: Schematic diagram of the experimental setup for WCA measurement of HOPG in an 
argon atmosphere. 
 
2.1.2 WCA Measurement 
 
WCA measurements were performed with a KSV CAM200 goniometer (KSV Instruments 
Ltd., Helsinki, Finland) or by analysis of water droplet images obtained with a digital camera. 
Images obtained with a digital camera were converted to grayscale with the General GNU Image 
Manipulation Program (GIMP) [33], and the WCA was then measured by using ImageJ software 
with a drop-analysis plugin based on fitting the Young–Laplace equation to the image data [34]. 
After placing a droplet on the HOPG sample, images were taken up to 2 min in 5-s intervals to 
check whether the droplet shape changed with time. It was found that the contact angle remained 
the same. Reported WCA values at specified times represent the measured contact angle of water 
droplets placed at specified times by capturing the images within 5 s. For example, WCA at 15 s 
means that the WCA was measured after 15 s of surface preparation by placing a water droplet at 
10 s and taking a picture at 15 s. 
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2.1.3 Results and Discussion 
 
The HOPG surface was cleaved in air, water droplets were placed at different locations, and 
more than 100 images were taken to ascertain the reproducibility of the data. A WCA value of 53 
± 5° was measured within 5 s of exposure of the HOPG surface to air. This value increased to 66 
± 3° after 8 min and finally to 86 ± 4° after 2 days (Figure 2-4). New water droplets were placed 
on the HOPG surface for each measurement. The observed WCA of 53 ± 5° after quick 
measurements within 5 s was higher than Schrader’s WCA measurements of 46 ± 3° and 44 ± 5° 
for graphite samples cleaved and measured within 30 s of exposure to air [7]. The WCA value of 
our sample after 8 min of exposure to air was close to the WCA value of 64.4° of a HOPG sample 
that Liu and Li et al. cleaved and measured within 1 min [14,35]. Differences in WCA values 
reported in our work vs. Liu and Li et al. are most likely due to differences in HOPG sample 
characteristics (e.g., orientation, purity, cleavability, grain size etc.) and measurement atmosphere. 
We have used SP-1 or “calibration” grade of HOPG, which is superior in crystalline perfection, 
larger in grain size and is more easily cleavable compared to other available HOPG samples [36]. 
Furthermore, we performed our measurement inside a Class 100 clean room that provides a cleaner 
measurement atmosphere than regular laboratories. Our results and those of others [6–8,14] 
suggest that exposure to air may significantly increase the WCA of the HOPG or graphene surface 
(e.g., from 42 ± 7° suggested for a perfect 0001 clean graphite surface [7]) by up to about 10° 
within 30 s, by about 20° in more than 1 min, and finally by about 40° after more than one day of 
air exposure, to approach a constant value of about 86°. 
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Figure 2-4: WCA of HOPG after cleaving in air with time (a) and comparison of WCA of HOPG 
cleaved in different atmosphere (b). Inset pictures in (b) show water droplet images after image 
processing for WCA measurement. 
 
To eliminate the impact of surface contamination on WCA measurements, experiments were 
performed with the HOPG sample cleaved in DI water, followed by a drying step under vacuum 
and WCA measurement in a water vapor environment. The WCA measured in the water vapor 
atmosphere was 58° (Figure 2-4), which is similar to the WCA of a fresh HOPG surface quickly 
exposed to air (53°; Figure 2-4). The higher WCA measurement of the sample cleaved in water 
vapor is due to exposure of the HOPG surface to dissolved gases (e.g., O2, N2) and other impurities 
in water. Prior literature has also suggested that dissolved nitrogen, oxygen, and carbon dioxide 
may increase the WCA of oriented graphite by 15–20° [6].  
Another method used to cleave the HOPG surface and measure WCA in a UHP argon 
atmosphere resulted in WCA measurements of 42 and 48° (i.e., 45 ± 3°; Figure 2-4), which are 
similar to previous data for a clean HOPG surface [6,7] and are consistent with the MD simulation 
results [28].  
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All three methods described above were employed to determine the intrinsic WCA of HOPG. 
Method using UHP inert argon environment for fresh surface generation by cleaving and 
measurement of WCA provided the most reliable result. Therefore a WCA value of approximately 
45° can represent the intrinsic WCA of a clean HOPG or multilayer graphene surface because the 
sample was not exposed to atmospheric air or other sources of contamination that could potentially 
change the surface wettability. 
 
2.2 Cleaning of Multilayer Graphene Surface Contaminants by Physical, 
Chemical, and Thermal Methods 
 
Different physical, chemical and thermal methods were implemented to remove the 
contaminant layer on top of HOPG in a non-destructive manner. The methods implemented are as 
follows (Figure 2-5): 
 
Figure 2-5: Schematic diagram showing different surface cleaning methodologies for HOPG 
samples. 
 
Argon plasma treatment and WCA measurement in air. Surface cleaning of the HOPG 
sample was performed by argon plasma treatment, with plasma exposure times of 6–60 s at 90–
100 W of power with a March Jupiter III parallel plate reactive ion etcher (March Instruments, 
33 
 
Inc., Concord, CA, USA). The WCA of HOPG samples were measured with a goniometer after 
the plasma treatment at certain time intervals. 
Chemical cleaning of HOPG by chloroform or hydrofluoric (HF) acid. The HOPG sample 
was either dipped or sonicated in chloroform (stabilized by amylene or ethanol) for 10–60 min, 
and then rinsed with isopropyl alcohol. The samples were either blow-dried with nitrogen or left 
to dry by natural convection before the WCA measurement. For HF acid cleaning, the HOPG 
sample was dipped in HF acid (Sigma Aldrich, puriss p.a., ACS reagent, reag. ISO, reag. Ph. Eur., 
≥48%) for 15 min to 48 h and then dipped in water and blow-dried with nitrogen before WCA 
measurement with a goniometer. 
High-temperature annealing followed by WCA measurement in near atmospheric pressure 
under UHP argon or hydrogen. The HOPG samples were thermally annealed under UHP argon 
or regular-grade hydrogen at 1000 °C for 20 min at near atmospheric pressure and then cooled to 
20 °C under the same atmosphere. A water droplet was placed on the HOPG sample with a long 
needle that pierced through the septum on the inlet side, and pictures of the droplet were obtained 
with a digital camera. A schematic diagram of the experimental setup is provided in Figure 2-6. 
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Figure 2-6: Schematic diagram of the WCA measurement of HOPG sample under UHP argon or 
regular-grade hydrogen after thermal annealing. 
 
Evacuation and high-temperature annealing under argon or hydrogen at low pressure. The 
HOPG sample was placed inside a quartz tube on a quartz boat and evacuated to 1 mTorr. The 
sample was then annealed to 1050 °C under 50 standard cubic centimeters per minute (SCCM) of 
hydrogen at 150 mTorr or 500 SCCM of argon at 1000 mTorr for 15–60 min. After cooling to 
room temperature, the sample was again evacuated to 1 mTorr. The sample was then exposed to 
ambient air and the WCA was measured quickly (within 1 min) by obtaining an image of the water 
droplet placed on the sample surface. 
2.2.1 Results and Discussions 
 
Method utilizing argon plasma was used to clean the aged HOPG surface that was exposed to 
air and contaminated with impurities from the air. Results show that after only 6–60 s of plasma 
treatment, the WCA of the HOPG sample decreased from 91° to 9 ± 3° (Figure 2-7).  
35 
 
 
Figure 2-7: (a) WCA of a HOPG sample after different cleaning treatments. Inset pictures show 
water droplet images after image processing for WCA measurement. (b) WCA of HOPG after 
argon plasma treatment.  
 
A 5-day air exposure after 1 min of argon plasma treatment (100 W) increased the WCA to 
70°, resulting from the effect of air contaminants accumulating on the surface. However, as shown 
in Figure 2-7b, the long-term impact of air contamination was considerably lower for the argon 
plasma-treated sample compared with the clean surface exposed to air. Our results are in agreement 
with the results of other researchers [13,22]. Wang et al. used argon plasma for 30 s to change the 
surface wettability of graphene and found a significant change in wettability, from 66.5 to 2.2°, 
whereas only a small change in the film conductivity was observed [22]. Shin et al. reported that 
an oxygen plasma treatment of a graphene film at 5 W for 15 s reduced the WCA from 92.5 to 
55.1°, but the WCA increased to 72.4° after 1 day of air exposure [13]. They also showed that 
plasma treatment introduced some defects on the graphene surface. The differences between our 
WCA results and those of Shin et al. may be due to the application of different plasma at different 
power levels, in addition to different material characteristics (i.e., HOPG vs. graphene film 
produced from silicon carbide). 
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Chemical cleaning of the HOPG sample with chloroform did not reduce the WCA significantly 
[the WCA was reduced to about 84° (average) from an initial value of about 98° (average) (Figure 
2-7 and Figure 2-8a)]. Two samples of HOPG that were dipped in chloroform (stabilized by 
amylene) showed an 11–18° reduction in the WCA of the aged HOPG samples, with final values 
of 82–86° (Figure 2-8). Similar treatments were done using chloroform with an ethanol stabilizer 
and similar results for WCA were observed. In another test, samples were dipped in chloroform 
for 1 day, but the WCA was not reduced below 80°. Sonication of the HOPG sample in chloroform 
showed similar  results as dipping the sample. 
Similarly, the WCA of the HOPG sample was reduced from an initial value of 93° to about 
80° after HF cleaning (Figure 2-8b). The performance of HF was similar to that of chloroform 
even though the cleaning mechanism may have been different. Cleaning with HF may remove 
some inorganic impurities from the surface, but at the same time may also introduce C–F groups 
on the sample surface [37].  
             
Figure 2-8: WCA of HOPG samples before and after chloroform treatment (a) and HF treatment 
(b). Aged HOPG: exposed to ambient air for more than 2 days. 
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Atmospheric pressure thermal annealing was used to examine the performance of the heat-
treatment methods for removal of the contaminant layer formed on an HOPG sample exposed to 
air for several days. High-temperature heat treatment under hydrogen or argon at near atmospheric 
pressure reduced the WCA of the air-exposed HOPG sample from 84 to about 73° (Figure 2-7a), 
suggesting that only partial removal of surface contaminants could be achieved by this high-
temperature treatment approach. Schrader reported that a hydrogen atmosphere did not affect the 
WCA measurements [6], and argon, being an inert gas, was not expected to affect the sample 
surface. This suggests that the stable, and possibly chemically bonded, surface hydrophobic 
contaminant species cannot be completely removed even by applying a high-temperature heat 
treatment under near atmospheric pressure.  
In contrast, the HOPG samples annealed under low pressure showed a reduction in the WCA 
value (55°) similar to cleaving in air (Figure 2-7a and Figure 2-9). The WCA is reduced but 
increased after 30 min of exposure to air. Similar values were obtained when the annealing was 
performed under hydrogen for 15 min (WCA ~54°) and under argon for 1 h (WCA ~43°). These 
results indicate that a combination of evacuation and low-pressure, high-temperature annealing is 
an effective method for removal of the contaminant layer. 
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Figure 2-9: WCA of HOPG samples after low pressure, high-temperature annealing under 
hydrogen. 
 
Physical, chemical, and thermal methods were employed to determine the efficiency of 
conventional cleaning techniques in removing the surface contaminant layer from HOPG. Physical 
method lowered the WCA drastically due to formation of defect and oxygen surface functionality 
(analyzed by Raman spectroscopy, atomic force microscopy (AFM), XPS, and discussed in 
Section 2.3.1). Chemical method had no significant influence on the WCA of HOPG samples. 
Atmospheric pressure thermal annealing partially lowered the WCA. Low pressure thermal 
annealing was the most efficient in terms of reducing the WCA close to its intrinsic value without 
damaging the surface. 
 
2.3 Influence of Surface Defects and Functionality on Wettability of 
Multilayer Graphene 
 
Different spectroscopic methods were employed to investigate the influence of surface defect 
and functionality of multilayer graphene on its wettability. 
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AFM measurements of the surface profile of HOPG samples after different cleaning treatments 
were performed using MFP-3D instrument (Asylum Research, Santa Barbara, CA, USA) over a 5 
× 5 μm2 area under tapping mode (scan rate of 0.5 Hz at 256 scan lines and points) using standard 
aluminum-coated silicon tips (Tap300Al-G, Budget Sensors, Sofia, Bulgaria). 
For time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis, a Physical 
Electronics PHI TRIFT III instrument (Physical Electronics, Chanhassen, MN, USA) with a gold 
source as the analysis beam was used (beam energy = 22 keV, DC beam current = 1 nA, scan size 
= 100 X 100 μm2,  analysis time = 20 s to 1 min, and mass range = 800 amu). Cesium ions at 2 
keV, scan size=800 X 800 μm2 and 190–220 nA were used as the sputter source.  
XPS analysis of the samples was performed using a Kratos Axis ULTRA instrument (Kratos 
Analytical Ltd., Manchester, UK) equipped with a monochromatic magnesium or aluminum Kα 
X-ray source, a 0.7 × 0.3 mm2 slit for the collection of emitted photoelectrons. Calibration was 
performed according to the carbon peak at 284.5 eV binding energy, and carbon and oxygen 
compositions were calculated from their high-resolution spectra (analyzed with casaXPS software) 
with relative sensitivity factors for carbon and oxygen of 0.278 and 0.711, respectively. Binding 
energies for the functional groups used in high-resolution XPS spectra curve fitting were selected 
(shown in Table 2-2) based on several references [24,38–50]. Full-width at half-maximum 
(FWHM) values were selected based on literature values (for the argon plasma-treated HOPG 
sample, FWHM values were higher as the peak broadened) [24,38–50].  
Raman spectra were collected with a Renishaw Raman microscope (Renishaw Inc., Hoffman 
Estates, IL) with a 633-nm laser and a 20× objective lens, for a 30-s acquisition time, and using 
inVia WiRE 3.2 software.  
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Table 2-2. Binding Energy of Functional Groups in C1s and O1s High-Resolution Spectra 
Bond C1s Binding energy (eV) Bond O1s Binding energy (eV) 
C–C (graphitic) 284.4 ± 0.1 C=O 531.15 ± 0.15 
CH (hydrocarbon) 285.2 ± 0.1 C–O (aliphatic) 532.15 ± 0.15 
C–O 286.2 ± 0.2 C–O (aromatic) 533.25 ± 0.25 
COOH 288.5 ± 0.5 Adsorbed water 534.55 ± 0.15 
C=O 287.6 ± 0.2   
Pi–Pi 291 .0 ± 1   
 
2.3.1 Results and Discussions 
 
Raman spectroscopy 
The Raman spectra of different HOPG samples, with a probing depth in micro-meter range 
[51], are shown in Figure 2-10a. Raman spectra showed that the HOPG sample was damaged when 
exposed to the argon plasma. For the HOPG sample cleaved by using adhesive tape the Raman 
spectrum obtained within 5 min after cleaving. The cleaved HOPG sample, aged HOPG,  and the 
HOPG sample treated by low pressure, high temperature annealing did not show significant defect 
peaks (D band ~1350 cm−1), and therefore represent undamaged surfaces. 
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Figure 2-10: (a) Raman spectra of HOPG samples. (b) Root mean square (RMS) roughness of 
HOPG samples measured by atomic force microscopy. Cleaved: cleaved in air; Plasma: exposed 
to argon plasma; Aged HOPG: exposed to ambient for more than 2 days; Thermal: evacuation and 
low-pressure, high-temperature annealing. 
 
Atomic force microscopy 
Similar results as Raman spectroscopy were obtained by AFM measurements (Figure 2-10b). 
The root mean square roughness of the HOPG sample treated by argon plasma was around 5 times 
higher than the aged HOPG, air-cleaved HOPG and HOPG sample treated by low pressure, high 
temperature annealing. The measured increase in roughness was expected to minimally influence 
the WCA [23], but is indicative of the formation of reactive defect sites that influenced the surface 
chemistry significantly, as shown by the XPS results discussed later. The AFM three-dimensional 
(3D) topography profile of air-cleaved HOPG is shown in  Figure 2-11. The 3D surface profile of 
HOPG shows step-like terraces with a small amount of roughness on each step (~2 nm). Therefore, 
the influence of the surface morphology of the HOPG on the WCA can be considered relatively 
minimal [23]. Even if impurities from air are deposited on the surface with time, they are likely to 
follow the initial surface profile and should not introduce additional roughness.  
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Figure 2-11: Three-dimensional (3D) surface profile of air-cleaved HOPG. 
 
Time of flight secondary ion mass spectrometry and X-ray photoelectron spectroscopy 
The HOPG sample was cleaved in air and then quickly (<5 min) analyzed by ToF-SIMS and 
XPS to characterize the surface contaminants on the multilayer graphene (HOPG) resulting from 
the short air exposure. Both ToF-SIMS and XPS data indicate the existence of hydrocarbon species 
on the surface even though the samples were placed under an ultra-high vacuum (UHV; ~10−9 torr) 
in the instrument chambers before analysis (Figure 2-12Figure 2-13Figure 2-14Figure 2-15). This 
result is consistent with the findings by Metois et al. of HOPG contamination in a UHV chamber 
using the gold decoration technique [52]. 
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Figure 2-12: Time-of-flight secondary ion mass spectrometry results for an air-cleaved HOPG 
sample subjected to different conditions. 
 
The ToF-SIMS results showed a significant presence of various hydrocarbons on the HOPG 
surface and the absence of a hydrocarbon layer in the bulk (Figure 2-12). The HOPG sample was 
sputtered with cesium ions for 193 s or 1890 s in the ToF-SIMS chamber to remove the surface 
outer layers (i.e., hydrocarbon contaminants). Samples sputtered for 193 s and 1890 s are labeled 
as “intermediate depth” and “higher depth,” respectively, in Figure 2-12. Surface sputtering for 
193 s removed the majority of surface hydrocarbons, and the ToF-SIMS spectra showed the 
existence of only a small amount of light hydrocarbon that generated H, CH, and C2H fragments. 
A longer sputtering time removed the surface hydrocarbons entirely, and the ToF-SIMS result 
confirmed that the HOPG bulk had negligible hydrocarbon impurities. From ToF-SIMS results, 
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air-borne contamination was found to be a surface specific phenomenon that does not influence 
the bulk of the sample. 
We obtained the XPS high-resolution C1s and O1s spectra of various samples, including aged 
HOPG samples and those treated by different preparation or cleaning methods, to characterize the 
HOPG surface chemistry (by characterizing few nm (2-5 nm) thick surface) and evaluate the 
efficiency of various techniques for cleaning the HOPG surface. X-ray photoelectron spectra 
(Figure 2-13 and Figure 2-14) were further analyzed to obtain the surface atomic composition and 
distribution of surface functionalities (Figure 2-15). Curve fitting of high-resolution O1s and C1s 
data was performed using the information in Table 2-2. The oxygen-to-carbon (O:C) ratio was 
calculated by dividing the atomic percentage of oxygen by the atomic percentage of carbon for 
each sample. Atomic percentages of oxygen and carbon were calculated by dividing the area under 
the curve in the O1s (Figure 2-14) and C1s (Figure 2-13) spectra by their corresponding relative 
sensitivity factors. Hydrocarbon atomic percentages were calculated by multiplying the 
hydrocarbon percentages (Figure 2-13) from the C1s high-resolution spectra by their 
corresponding carbon atomic percentages. Similarly, carbonyl, aliphatic C–O, and aromatic C–O 
percentages were calculated by multiplying their percentages from O1s high-resolution spectra 
curve fitting (Figure 2-14) by their corresponding oxygen atomic percentages. Adsorbed moisture 
[labeled “moisture” in Figure 2-14(a–f)] was observed on all the samples, but HOPG treated by 
low-pressure, high-temperature annealing under hydrogen showed the lowest amount.  
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Figure 2-13: C1s high-resolution spectra of (a) cleaved HOPG sample in air and (b) aged HOPG 
(exposed to ambient air for more than 2 days). FWHM, full-width at half-maximum. 
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Figure 2-13: (contd.) C1s high-resolution spectra of (c) a HOPG sample after argon plasma 
treatment and (d) an HOPG sample after chloroform cleaning procedures. FWHM, full-width at 
half-maximum. 
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Figure 2-13: (contd.) C1s high-resolution spectra of (e) a HOPG sample after an HF cleaning 
procedure and (f) an HOPG sample after low-pressure, high-temperature annealing under 
hydrogen. FWHM, full-width at half-maximum. 
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Figure 2-14: O1s high-resolution spectra of (a) a cleaved HOPG sample in air and (b) aged HOPG 
(exposed to ambient air for more than 2 days). FWHM, full-width at half-maximum. 
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Figure 2-14: (contd.) O1s high-resolution spectra of (c) a HOPG sample after argon plasma 
treatment and (d) an HOPG sample after chloroform cleaning procedures. FWHM, full-width at 
half-maximum. 
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`  
Figure 2-14: (contd.) O1s high-resolution spectra of (e) a HOPG sample after an HF cleaning 
procedure and (f) an HOPG sample after low-pressure, high-temperature annealing under 
hydrogen. FWHM, full-width at half-maximum. 
       
 
C=O
C-O (aliph.)
C-O (arom.)
moisture
Name
C=O
C-O (aliph.)
C-O (arom.)
moisture
Pos.
531.20
532.00
533.00
534.60
FWHM
1.600
1.558
1.600
1.600
%Area
17.72
48.74
28.12
5.43
HOPG treated by HF
O
 1
s
x 102
10
15
20
25
30
35
40
C
PS
538 536 534 532 530 528
Binding Energy (eV)
       
 
C=O
C-O (aliph.)
C-O (arom.)
moisture
Name
C=O
C-O (aliph.)
C-O (arom.)
moisture
Pos.
531.01
532.02
533.11
534.70
FWHM
1.600
1.600
1.501
1.459
%Area
26.78
47.77
23.07
2.37
HOPG annealed under hydrogen
O
 1
s
x 101
120
125
130
135
140
145
150
155
160
C
PS
538 536 534 532 530 528
Binding Energy (eV)
(e) 
(f) 
51 
 
 
 
Figure 2-15: XPS characterization of HOPG samples subjected to different treatment conditions.  
Hydrocarbon (CH) and oxygen atomic percentages were obtained from C1s and O1s XPS high-
resolution spectra, respectively (a), and atomic percentages of oxygen functional groups were 
obtained from O1s XPS high-resolution spectra (b). Cleaved: cleaved in air; Aged HOPG: exposed 
to ambient air for more than 2 days; Plasma: exposed to argon plasma; Chloroform: chemical 
cleaning by Chloroform; HF: chemical cleaning by Hydrofluoric acid; Thermal: evacuation and 
low-pressure, high-temperature annealing. 
 
As shown by ToF-SIMS results (Figure 2-12), small amounts of hydrocarbons are detected 
after 193 s of energized cesium ion sputtering. Therefore the HOPG surface contains a small 
amount of hydrocarbon impurity [53,54]. Also there is residual moisture from air that cannot be 
removed by 1 h exposure to UHV (Figure 2-14) [55]. ToF-SIMS data indicate that deep graphene 
layers of the HOPG sample are composed of nearly pure carbon. As XPS probes several layers 
from top (2-5 nm [56]), the XPS signal collected is expected to be coming from residual water and 
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impurity layer as well as few top graphene layers from the sample. As the deep graphene layers of 
HOPG samples treated or prepared by different methods are the same, surface chemistry 
comparison based on the XPS data is possible. The surface atomic concentrations shown in Figure 
2-15 for hydrocarbons and oxygen (or oxygen-containing functional groups) are expected to be 
smaller than their actual values, because some electrons coming from the deep pure carbon layers 
contribute to the total emitted electrons used for composition estimation. Therefore values of 
surface composition presented in this work should be considered for comparison purpose only, not 
as an exact quantitative value as is the case for all XPS analysis. 
The hydrocarbon atomic percentages, shown in Figure 2-15, represent the percentage of 
surface carbon atoms that are detected as CH groups. Atomic percentages of the oxygen 
functionalities, obtained from O1s high-resolution spectra, show the percentages of surface carbon 
atoms detected as different dominant carbon–oxygen functionalities (i.e., carbonyl, carboxylic, 
and phenolic) groups. C–O (aromatic) may represent phenolic hydroxyl and lactol groups; C–O 
(aliphatic) may represent carboxyl, carboxylic anhydride, ether, and similar groups; and C=O may 
represent carboxylic, carboxylic anhydride, lactone, and lactol functionalities [57]. 
The surface oxygen content of the aged HOPG sample was detected as 6.59% (Figure 2-15a). 
Various preparations or treatments resulted in significant changes in the surface oxygen content. 
The surface oxygen content ranged from approximately 1% (for the HOPG sample annealed at a 
high temperature) to approximately 14% (for the plasma-treated sample; Figure 2-15a). Surface 
oxygen functionalities provide polar centers to attract water molecules and enhance the surface 
hydrophilicity, thus lowering the WCA values. In contrast, surface C–H bonds, which may 
represent airborne hydrocarbon contaminants, contribute to the carbon hydrophobicity and higher 
WCA values. It has been suggested that surface oxygen functionalities may also indirectly 
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contribute to enhanced surface contamination by airborne hydrocarbon contaminants. Surface 
oxygen groups enhance the surface affinity for water vapor adsorption, which may increase the 
adsorption of hydrocarbons. Moisture deposition on the HOPG surface followed by hydrocarbon 
adsorption was demonstrated by Wang and Kido [24] and Chiba et al [58]. 
The presence of moisture on all HOPG samples was observed from the curve fitting of O1s 
spectra of the XPS measurements [shown by the label “moisture” in Figure 2-14a–f]. Accumulated 
moisture, attracted by surface polar oxygen groups, may indirectly increase the surface 
contamination. The combined effect of CH functional groups and hydrocarbon deposition on the 
deposited moisture increases the surface hydrophobicity. 
Although the ambient hydrocarbon impurity level is in the parts per billion or parts per trillion 
range [14], it is sufficient to contaminate the graphene surface and change its wettability 
significantly. The presence of hydrocarbon groups was observed for all HOPG samples except for 
the HOPG after the argon plasma treatment (Figure 2-13 and Figure 2-15a). An HOPG sample 
cleaved in air was used as the reference, representing a clean HOPG surface, and aged HOPG 
(HOPG exposed to ambient air for more than 2 days) was used as a reference, representing a 
surface having the maximum airborne contamination.  
A considerable amount of hydrocarbon species was detected on the clean HOPG sample that 
was exposed to ambient air for a short period of time (1–5 min), as previously shown by the ToF-
SIMS results (Figure 2-12). In agreement with the ToF-SIMS observations, X-ray photoelectron 
spectra data detected about 4% of the total carbon species as CH groups. The as-received or aged 
HOPG showed the highest WCA (see Figure 2-7b) mainly because of hydrocarbon contamination, 
as confirmed by the XPS results showing that about 10% of surface carbon atoms exist as CH 
species. The HOPG samples were kept under UHV in the XPS chamber for 1 h before analysis; 
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therefore, the detected CH species may have originated from strongly adsorbed hydrocarbon 
contaminants or from surface functionalities of the graphene surface. The aged HOPG sample also 
had a significant concentration of oxygen-containing functional groups, resulting in a 6.59% 
surface oxygen content (Figure 2-15a and b). 
Concentrations of oxygen groups and CH functionalities of the sample prepared by chloroform 
cleaning and the aged HOPG sample were similar (i.e., oxygen atomic concentrations of 4.24 and 
6.59%, respectively, and a hydrocarbon atomic percentage of ~10%; Figure 2-15a), which is 
consistent with their similar WCA values of 82 and 84° (Figure 2-4 and Figure 2-7). Results 
indicate that the chloroform treatment reduced the concentration of aliphatic C–O groups, but it 
could not effectively clean the HOPG surface of hydrocarbon contaminants (Figure 2-15a and b).  
Cleaving in air and low pressure, high temperature annealing were effective in removing 
hydrocarbon impurities, from an initial CH content of 9.92% for the aged HOPG sample to 4.27 
and 1.78%, respectively, for the treated samples (Figure 2-15a). These treatments were also 
effective in removing surface oxygen functionalities and reducing the surface oxygen content from 
6.59 to 1% or less (Figure 2-15b). The HOPG sample cleaned by these methods had low 
concentrations of oxygen and hydrocarbon species and may represent a relatively clean graphene 
surface. Therefore, the measured WCA values of these samples were close to the intrinsic WCA 
of the clean multilayer graphene surface.  
The oxygen and hydrocarbon species detected on the sample prepared by cleaving in air were 
generated as a result of surface oxidation and the adsorption of airborne hydrocarbon species 
during the short exposure (~5 min) of the HOPG surface to air between the surface peeling and 
XPS measurements. 
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Low pressure, high temperature annealing was used to remove oxygen-containing and 
hydrogenated functional groups by desorption or thermal decomposition at 1273 K under low 
vacuum [59]. The majority of aliphatic hydrocarbons can decompose in the range of 400–700 K 
because of C–C bond breakage.[59] For aromatic hydrocarbons, where the bond strength is high, 
decomposition may occur at temperatures as high as 1300 K or higher [59]. Similarly, the majority 
of oxygen surface functionalities can decompose at temperatures below our treatment temperature 
of 1000 °C [59], but complete decomposition of all surface oxygen groups may require higher 
temperatures and longer treatment times. Application of a vacuum provided a greater driving force 
for desorption or decomposition by removing decomposed or desorbed species. In low pressure, 
high temperature annealing, contamination of the HOPG sample by airborne hydrocarbon 
adsorption and air oxidation was likely because the sample was briefly exposed to ambient air 
before the XPS and WCA measurements.     
Argon plasma treatment made the HOPG surface more reactive by introducing surface defects 
through the plasma treatment (Figure 2-10) and creating active surface sites. Freshly formed and 
highly reactive surface sites may have reacted with oxygen or water vapor and may have formed 
various surface oxygen functionalities when the sample was exposed to ambient air. The formation 
of large amounts of surface oxygen functionalities on the HOPG sample treated by Argon plasma 
was confirmed by the XPS results, indicating a high surface oxygen concentration of about 14%, 
more than twice the oxygen content of the aged HOPG sample (Figure 2-15). No hydrocarbon was 
detected for this sample. The detection limit for XPS is 0.1 atomic percentage [60]. Therefore, 
hydrocarbon on the HOPG sample treated by Argon plasma should be less than 0.1%. The low 
WCA (i.e., ~9°) and high hydrophilicity measured for this sample is consistent with the absence 
of hydrocarbon species and the prominence of oxygen-containing groups on the surface. The 
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increase in WCA for the sample treated by Argon plasma followed by 5 days of air exposure 
(Figure 2-7b) was most likely due to hydrocarbon deposition on moisture deposited on the sample 
surface.  
We observed a significant reduction in CH groups and an increase in surface oxygen groups 
resulting from the HF treatment (Figure 2-15a). The XPS survey spectrum also suggested slight 
carbon fluorination (an F:C ratio of 0.001 was measured). The WCA measured for the HF-treated 
sample was similar to that of the aged HOPG sample because of the combined effects of lower CH 
functionalities, higher oxygen groups, and slight surface fluorination.  
Due to the surface specific analysis enabled by XPS and the ability to distinguish chemical 
functional groups, including hydrophilic oxygen-containing groups, from binding energy shifts, 
XPS can be used as a tool to predict surface-water interaction (as quantified by WCA 
measurements) of multilayer graphene/graphite samples based on surface functional groups 
analysis.  
 
2.4 Graphene Hydrophobic-Hydrophilic Patterns 
 
Water repellent graphene can have significant impact in areas that require hydrophobicity or 
combined hydrophilic-hydrophobic patterns. Graphene coated surfaces (e.g., condenser pipes) 
with hydrophobic characteristics can enable dropwise condensation and therefore improve heat 
transfer characteristics [61]. Recently, researchers have shown that hydrophobic and hydrophilic 
channels have improved condensation heat transfer performance compared to only hydrophobic 
surfaces based on the size and shape of hydrophilic region [62]. Hydrophilic-hydrophobic patterns 
are also promising for shaping and positioning of droplets for sequencing and sensing, liquid 
microfluidics, electrowetting display and surface tension driven microfluidics [63,64].  
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The condensation performance of one-step patterned graphene features was investigated with 
an environmental scanning electron microscope (E-SEM). Graphene was synthesized on a 25 µm 
thick copper (Cu) foil (Alfa Aesar, MA) by chemical vapor deposition (CVD) system (Rocky 
Mountain Vacuum Tech Inc., CO) with methane (CH4), hydrogen (H2), and argon (Ar) as gaseous 
precursors. Cu foil was pretreated with concentrated hydrochloric acid (HCl) (Sigma Aldrich, MO) 
for 10 minutes prior to synthesis. After loading the catalyst substrate (Cu foil) at the center of the 
quartz CVD chamber, the temperature of chamber was raised to 1050 °C under the flow of H2 (50 
sccm) at 150 mTorr. Annealing was performed at 1050 °C for 35 minutes. Then CH4 (10 sccm) 
was introduced into the chamber along with H2 at 520 mTorr for 10 minutes for graphene 
synthesis. Finally the chamber was cooled down slowly (within 2 hours) while fast cooling (cooled 
within 10 minutes) was applied to the Cu foil using a loadlock under Ar flow (500 sccm). A stencil 
mask with desired pattern fabricated by computer aided design and laser cutter was first aligned 
on the as-grown CVD graphene on a Cu foil. Next, uniform pressure was applied through large 
glass slides to ensure conformal contact. Then, graphene patterning was achieved by oxygen 
plasma reactive ion etching (Diener GmbH, Germany) for 30 seconds (500 W & 150 mTorr). The 
Cu foil was then chemically etched by sodium persulfate solution (Na2S2O8) (Sigma Aldrich, 
MO). The patterned graphene on SiO2 substrates are transferred by the conventional method using 
poly-methyl methacrylate (PMMA) as a scaffold (dissolved after transfer).  
E-SEM images as shown in Figure 2-16 (at 4° C sample temperature, and 100% relative 
humidity) were obtained using FEI quanta 450 SEM (FEI, Hillsboro, Oregon) by increasing water 
vapor pressure to or above saturation pressure during E-SEM imaging.  Our capability to 
selectively pattern graphene resulted in filmwise condensation on a SiO2 substrate (letters in Figure 
2-16), in contrast to dropwise condensation on graphene surfaces (dark areas around the letters). 
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In addition, WCA is 90° at ~10 µm from the pattern edge. This WCA value matched with the value 
in the  literature for single layer graphene [11], demonstrating graphene was not damaged by the 
patterning process (at ~10 µm distance from the edge of the patterned feature).  
 
Figure 2-16: Water micro droplet condensation on patterned graphene with time. Graphene 
reactive ion etching using stencil mask resulted in letter shaped exposed hydrophilic SiO2 areas. 
Water micro droplets form inside the letters, grew larger with time, and finally coalesce to form 
water film (filmwise condensation). On the contrary, graphene area around the letters did not allow 
water film formation, rather only dropwise condensation was observed. 
 
2.5 Conclusions 
 
Different methodologies are presented for cleaning the surface of multilayer graphene, 
preventing surface contamination, and measuring the intrinsic WCA. Characterization by AFM, 
Raman, ToF-SIMS, and XPS revealed the dynamic nature of contaminant adsorption, the 
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formation of surface functionalities, and the impact of surface chemistry on the wettability of 
multilayer graphene. The important conclusions from this study are as follows: 
 A value of 45 ± 3° can be considered the intrinsic WCA for a clean HOPG or multilayer 
graphene surface. We utilized cleaving and measuring under UHP argon to obtain such an 
intrinsic WCA value of HOPG.    
 The argon plasma treatment damages the multilayer graphene surface structure, and 
oxygen-containing functional groups significantly increase on the sample surface, resulting 
in a hydrophilic multilayer graphene surface.  
 Chemical treatments with HF and chloroform do not change the WCA of aged HOPG or 
multilayer graphene significantly. 
 Storing multilayer graphene in water or chloroform can prevent or retard contaminant 
deposition on the surface. 
 Low-pressure thermal annealing under a reductive or inert atmosphere followed by 
subsequent evacuation under high vacuum may be useful in returning the surface close to 
its pristine condition without any damage. This method can be used as a basis for 
developing new reusable multilayer graphene-based sensors or measurement devices for 
detecting extremely low concentrations of air impurities that are not detectable by 
conventional devices. 
 The contaminant layer does not extend to the bulk and is found only near the surface. 
 X-ray photoelectron spectroscopy analysis can be used to relate functional groups on the 
surface to the WCA of samples. Therefore, semi-quantitative prediction of WCA based on 
surface functional groups can be performed based on spectroscopic analysis. 
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Finally, performance of hydrophobic-hydrophilic graphene condensation patterns prepared by 
computer aided design-based facile patterning technique was evaluated by E-SEM. Graphene areas 
allowed dropwise condensation, whereas areas were the graphene is etched exposing underlying 
SiO2 substrate promoted filmwise condensation. This simple and rapid method of producing 
hydrophobic-hydrophilic graphene patterns can be utilized for application areas of  heat transfer, 
sequencing and sensing, liquid microfluidics, electrowetting display and surface tension driven 
microfluidics [61,63,64]. 
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Chapter 3  
 
Doping-Induced Tunable Wettability of 
Graphene 
 
 
3.1 Introduction 
 
Graphene, unlike conventional bulk materials, interacts with external molecules in close 
vicinity [1,2] via delocalized π electrons. External molecules can affect the doping levels of 
graphene by interacting with delocalized Dirac electrons (e.g. water is an electron acceptor, 
whereas ethanol is a donor) [2,3]. Likewise, the modulation of carrier density can in turn affect the 
way that graphene interacts with external molecules; electron-hole puddles in graphene as a result 
of doping changes the chemical reactivity of graphene [4]. More recently, simulation studies have 
suggested that doping and charge injection to graphene can lead to higher water adsorption [5] and 
changes in wettability [6]. Elucidating the direct connections between delocalized electrons and 
surface adhesion/wettability of graphene will open up new opportunities in tunable wetting and 
adhesion. 
With pristine graphene being a gapless and semimetallic material, its interaction with water is 
dominated by van der Waals (vdW) interaction. Intrinsically, graphene is hydrophilic with a water 
contact angle (WCA) of ~45° [7,8]. Hydrocarbonaceous adsorbates of ambient origin impart 
hydrophobicity to graphene [7,9,10] by creating local hydrophobic spots sufficient to mask the 
intrinsic hydrophilic behavior. Contradictory findings have been reported for the so-called 
“wetting transparency” (dominant influence of vdW force from underlying substrates) [11] and 
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“opacity” (graphene screening of underlying substrate forces) [12–14]. This study of the 
electrostatic force contribution on water-graphene interaction reconciles these unresolved 
questions on wetting transparency or opacity.  
To elucidate the contribution of electrostatic force to water-graphene interaction, the electronic 
state of graphene was chemically modulated. Graphene’s electron density was changed by doping 
via different subsurface polyelectrolytes without new chemical bonds formation or supply of 
continuous external electron flow [15–17]. This investigations show that WCA changes up to 13° 
when the work function (WF) is modulated by 300 meV. In addition, adhesion force between 
doped graphene sample and hydrophobic atomic force microscopy (AFM) tip was half the amount 
measured for an undoped sample. 
 
3.2 Materials and Methods 
 
3.2.1 Graphene Growth by Chemical Vapor Deposition 
 
25 µm thick copper foil (Alfa Aesar, MA) of a suitable size (2″ by 2″) was cleaned by rinsing 
with acetone, isopropyl alcohol (IPA), and deionized (DI) water as a pretreatment step. The air-
dried copper foil was used for graphene growth by a standard chemical vapor deposition (CVD) 
method (Rocky Mountain Vacuum Tech Inc., CO). The detailed recipe is discussed in our earlier 
work [18]. In brief, pretreated copper foil is annealed under hydrogen (H2) at 1050 °C for 30 min. 
During the growth stage, methane gas was used as carbon precursor along with H2 for 2 min. After 
that, using a load lock, the as-grown graphene sample was rapidly cooled under argon (Ar) 
atmosphere. Backside graphene was removed with 500 W oxygen plasma for 40 sec while 
protecting topside graphene on copper foil with a poly (methyl methacrylate) (PMMA) film (spun 
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at 3000 rpm for 30 sec). The PMMA film was then dissolved in acetone (kept in solvent for at least 
10 min) to obtain copper foil with graphene film on only one side. 
3.2.2 Chemical Doping of Graphene 
 
To dope graphene by subsurface polyelectrolyte, graphene was transferred onto polyelectrolyte 
coated silicon dioxide (SiO2) on silicon (Si) wafer. As the polyelectrolytes are not compatible with 
organic solvents used to remove polymeric scaffolds (e.g. PMMA) used for conventional solution 
transfer process, polymer free transfer method was implemented. Similar polymer-free transfer 
method as described in our earlier work [18] was used, but instead of manually transferring 
graphene from liquid bath to the substrate of interest, graphene was lowered by draining the liquid 
in a container on the pre-placed substrate. This is to preserve the water-soluble polyelectrolyte 
layer coated on the SiO2/Si.  
This transfer method has the advantage of semiautomatic operation and transfer of graphene 
directly in a polyelectrolyte-rich solution (Figure 3-1). The transfer method involves injecting 
copper etchant solution underneath copper foil with a peristaltic pump (Cole Parmer, IL). After 
complete etching of the copper foil, the etchant solution was replaced with DI water 5 times of the 
volume of etchant solution to clean the free floating graphene sample. Then the polyelectrolyte 
solution is injected into DI water (the concentration of different polyelectrolytes varied). The 
different polyelectrolytes (Sigma Aldrich, MO) used for this investigation were- high molecular 
weight (HMW) poly allylamine hydrochloride (PAH) (MW ~450,000), poly styrene sulfonate 
(PSS) (MW ~1,000,000), poly-l-lysine (PLL) (MW ~150,000-300,000), and poly acrylic acid 
(PAA) (MW ~450,000). After letting the SiO2/Si substrate soak in a polyelectrolyte solution for 
at least 15 minutes, the polyelectrolyte-rich solution was removed using the pump to lower and 
place graphene on top of SiO2/Si substrate trapping polyelectrolyte solution in between graphene 
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and SiO2/Si substrate. As the floating graphene layer is hydrophobic due to airborne contaminants 
[19], the hydrophilic polyelectrolyte solution has minimal tendency to spill over the graphene layer 
during transfer process. Therefore, top side of polyelectrolyte doped graphene sample is free of 
polyelectrolyte contamination, which is confirmed by environmental scanning electron 
microscope (E-SEM) during WCA measurement. The chemically doped samples produced in this 
manner were thermally annealed at 100-150 °C (depending on polyelectrolyte melting 
temperature) and 1 Torr pressure for 45-60 min in Ar to remove residual moisture. The graphene 
sample obtained in this manner is effectively doped by the underlying polyelectrolyte layer [20], 
as discussed in more detail later.  
 
Figure 3-1: Transfer method to obtain subsurface polyelectrolyte-doped graphene samples. A 
peristaltic pump injects and replaces the etchant solution with DI water to obtain free standing 
graphene floating on DI water. After injecting polyelectrolyte in water, same pump is used for 
lowering and placing the graphene on top of SiO2/Si substrate trapping polyelectrolyte in between. 
 
3.2.3 Graphene-Gold Junction Fabrication 
 
The gold (Au) pads (50 nm) were defined by photolithography (MEGAPOSIT SPR220-4.5, 
MicroChem, MA) and metallized by thermal evaporator (Nano 36, Kurt J. Lesker, PA) on a Si 
wafer with 300 nm-thick thermal oxide. Graphene was then transferred onto the Au/SiO2/Si 
substrate using the method discussed above. Samples were then annealed under argon at 150 °C at 
1 Torr for 1 hr to remove residual moisture. 
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3.2.4 Water Contact Angle Measurement 
 
E-SEM (FEI quanta 450 & Philips XL 30, OR) was used to condense micron-sized water 
droplets at 100% relative humidity (RH) on cooled (4 °C) graphene samples using a customized 
beveled sample holder (Figure 3-2).  Only droplet sizes of 10 micron or larger were considered for 
WCA measurement to eliminate the possibility of droplet shape distortion due to electron beam 
heating [21]. As graphene is thermally conductive, the chance of electron beam heating induced 
droplet shape alteration is minimal.  
E-SEM images were then analyzed with ImageJ software (NIH, USA) with a drop-analysis 
plugin based on fitting the Young–Laplace equation to the images [22,23]. A statistical approach 
was used to calculate the average WCA with an error bar by analyzing at least 5 different samples 
of each type and with at least 5 regions analyzed on each sample.  Due to the inhomogeneity and 
defects of CVD grown graphene across a few micrometer size domains [24], slight variations in 
WCA is expected. 
Macroscopic WCA measurements were performed with a KSV CAM200 goniometer (KSV 
Instruments Ltd., Finland). 
 
Figure 3-2: Schematic illustration showing WCA measurements using E-SEM with a customized 
beveled sample holder. Image analysis was carried out by using ImageJ software. Red (72°), blue 
(79°) and yellow (90°) circles indicate water droplets having different WCA on the same sample, 
therefore necessitates defect-free area selection and statistical analysis of those areas for reliable 
results. 
 
68 
 
3.2.5 Spectroscopic Investigation 
 
X-ray photoelectron spectroscopy (XPS) analysis of doped and undoped graphene samples at 
grazing (15°) and normal takeoff angle was performed using Kratos Axis ULTRA instrument 
(Kratos Analytical Ltd., UK). Functional group composition was calculated using high-resolution 
spectra with relative sensitivity factors for carbon and oxygen of 0.278 and 0.711, respectively. 
Detailed procedure for this investigation is described in our earlier work [7]. The XPS data was 
analyzed using CasaXPS software (Casa software Ltd., UK). 
Raman spectra were collected with a Renishaw Raman microscope (Renishaw plc., UK) with 
a 633-nm laser and a 20× objective lens, for a 30 sec acquisition time, and using inVia WiRE 3.3 
software. 
Ultra-violet photoelectron spectroscopy (UPS) analysis for doped and undoped graphene 
samples was performed with helium II source using PHI 5400 instrument (Physical Electronics, 
MN). UPS data were analyzed using CasaXPS software. 
3.2.6 Atomic Force Microscopy based Investigation 
 
Root mean square (RMS) roughness, graphene layer thickness measurement, adhesion force 
measurement, and scanning Kelvin probe microscopy (SKPM) were performed using Cypher 
atomic force microscopy (AFM) instrument (Asylum Research, CA). RMS roughness and 
graphene layer thickness were measured over 3 by 3 µm2 area under tapping mode (0.5 Hz scan 
rate) using standard aluminum-coated silicon probes (TAP 300Al-G, Budget Sensors, Bulgeria). 
SKPM was performed over 3 by 1 µm2 area under tapping mode (0.5 Hz scan rate) using Cr/Pt 
coated silicon probes (TAP 300E-G, Budget Sensors, Bulgeria). Adhesion force measurement was 
performed over 3 by 3 µm2 area (64 data points were collected in this area) under contact mode 
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using octadecyl trichloro silane (OTS) (Sigma-Aldrich, MO) coated  silicon probes with aluminum 
reflex coating (Multi 75Al-G, Budget Sensors, Bulgeria). Silicon tips were cleaned by oxygen 
plasma and coated with dilute OTS (1 mM) using the method used by Flatter et al. [25]. 
3.2.7 Graphene Field Effect Transistor Fabrication and Measurement 
 
Monolayer graphene synthesized as mentioned above was transferred onto a Si wafer with 300 
nm-thick thermal oxide. Graphene channels were patterned with photolithography and oxygen 
plasma reactive ion etching (Diener GmbH, Germany) for 30 sec (500 W & 150 mTorr). The 
source/drain electrodes were patterned with photolithography and metallized with Cr/Au (5 nm/ 
50 nm) by thermal evaporator. 
Field effect transistor (FET) transfer (I-Vwg) characteristics were investigated with a probe 
station (model PM8, Karl SUSS, Germany) and digital sourcemeter (2614B, Keithley Instruments, 
OH) using an Ag/AgCl reference electrode (Harvard Instruments, MA) to gate the device through 
freshly generated deionized water, followed by two polyelectrolyte solutions (HMW PSS and 
PAH). All measurements were performed under ambient conditions. 
 
3.3 Results and Discussions 
 
3.3.1 Considerations during Water Contact Angle Measurements 
 
To find the optimum inclination angle for the beveled sample holder, E-SEM investigation was 
performed at 0º, 20º, 30º, and 45º inclination angles. As the WCA is the same for all inclination 
angles (Figure 3-3), the inclination angle that produced images with better contrast and brightness 
was chosen for the investigations. An inclination angle of 30º was used consistently for all 
investigations for better contrast and brightness levels (Figure 3-3). 
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Figure 3-3: Effect of inclination angle of the beveled sample holder on WCA of graphene sample 
using E-SEM. E-SEM images captured at 0º (A), 45º (C), 30º (D), 20º (E). Corresponding intensity 
map across the yellow line in (A) is shown in (B). WCA in all cases is the same. Scale bars 
represent 50 µm. 
   
Microscopic areas selected for WCA measurements were observed before and after water 
droplet formation to verify whether the graphene film is damaged after the contact with water 
(Figure 3-4). On graphene films mostly free of defects, spherical water droplets forms (Figure 3-4). 
In addition, Raman spectrum before and after E-SEM investigation was compared to ascertain that 
the graphene film is intact (Figure 3-5). Intensity ratio of 2D (~2700 cm-1) to G (~1600 cm-1) peaks 
increases after annealing due to removal of moisture, but remains the same before and after E-
SEM investigation (Figure 3-5). A graphene film broken during fabrication will result in film-wise 
condensation due to exposed hydrophilic polyelectrolyte (for doped sample) / SiO2 (for undoped 
sample) surface (Figure 3-6) rather than droplet formation on graphene. 
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Figure 3-4: Progression of E-SEM investigation: area selection (A), droplet formation (B), image 
capture at maximum droplet growth after droplets coalesce (C) and inspection of graphene 
integrity after WCA measurement (D). Scale bars represent 20 µm. 
 
 
 
Figure 3-5: Raman spectrum before and after thermal annealing at 150 °C. The Raman spectrum 
remains the same before and after characterizations using E-SEM. 
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Figure 3-6: Effect of broken graphene film on water droplet shape. (A) A smooth looking surface 
at a lower magnification. (B) Breakage of the same graphene film is observed at higher 
magnification. (C) Water spreads on the broken graphene patches in a film-wise manner due to an 
exposure of underlying SiO2 surface. 
 
Exposed polyelectrolyte under broken graphene film was found to swell with time during E-
SEM characterization, and water droplet did not form on them (Figure 3-7). Due to this interesting 
swelling phenomenon of polyelectrolyte also observed by other researchers [26], graphene was 
found to float and move during E-SEM characterizations (Figure 3-8). On the contrary, intact 
graphene prevents swelling of polyelectrolyte underneath by restricting the flow of water vapor. 
 
Figure 3-7: Polyelectrolyte swelling phenomenon observed using E-SEM. Broken graphene 
(darker regions) on high molecular weight poly (allylamine) hydrochloride was exposed to water 
vapor at 6.5 mTorr and images were captured at 1 min (A), 2 min (B), 3 min (C), and 5 min (D) at 
different spots showing swelling of the polyelectrolyte. Scale bars represent 50 µm. 
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Figure 3-8: SEM images showing how graphene (darker regions) can float and move during E-
SEM investigation for graphene on polyelectrolyte (high molecular weight poly (allylamine) 
hydrochloride) with a large crack. From (A) to (C), water vapor pressure is increased inside the E-
SEM chamber, leading to swelling of the subsurface polyelectrolyte. (D) Same graphene (darker 
regions) on polyelectrolyte sample after reducing water vapor pressure (i.e. drying). Scale bars 
represent 50 µm. 
 
Contrary to microscopic measurements, macroscopic WCA measurements did not produce 
reliable results. Without thermal annealing, WCA measurement of both doped and undoped 
graphene samples showed the WCA of underlying SiO2 substrate instead. Macroscopic WCA 
measurements of thermally annealed polyelectrolyte doped sample varied with time (Figure 3-9A) 
as macroscopic graphene film gradually delaminates when in contact with macroscopic water 
droplets (Figure 3-9B). Macroscopic area of graphene has a higher possibility of having defects 
during fabrication and transfer, but it is possible to find microscopic graphene area without defects 
as shown in Figure 3-4. 
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Figure 3-9: Macroscopic WCA measurement of graphene. (A) Time variation of WCA of graphene 
on a polyelectrolyte (high molecular weight poly (allylamine) hydrochloride) coated SiO2/Si 
sample measured using a goniometer. (B) Delamination of graphene on SiO2/Si shown by optical 
microscope image before and after putting a water droplet (Scale bars indicate 50 µm). 
 
3.3.2 Water Contact Angle and Work Function 
 
E-SEM and SKPM results demonstrate that chemically doped graphene shows smaller WCA 
than nominally undoped graphene on the same SiO2 substrate (Figure 3-10). SiO2 p-dopes 
graphene in atmosphere due to gaseous dopants (moisture and oxygen) whereas n-dopes graphene 
in vacuum [27,28].  In addition, the doping amount by molecular adsorption from air is significant 
only after annealing at temperatures higher than 200 °C as more adsorption sites become available 
after annealing at higher temperature [29]. Therefore for graphene on SiO2, annealed at 150 °C in 
an inert atmosphere, the p-doping is relatively small during E-SEM investigation (at 100% RH) 
[29,30]. Therefore, for comparison with strongly doped graphene on HMW polyelectrolyte 
samples, graphene on SiO2 sample was considered as an undoped graphene sample.  Depending 
on polyelectrolyte type (electron donor or acceptor), graphene’s Fermi level shifts resulting in 
either p- or n-type doping, which influences the WCA (Figure 3-10A). Compared to intrinsic 
graphene on SiO2 substrate, both the n-doped graphene (by high molecular weight (HMW) poly 
(allylamine hydrochloride) (PAH) and poly-L-lysine (PLL)) and the p-doped graphene (by HMW 
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poly (sodium 4-styrenesulfonate) (PSS) and poly (acrylic acid) (PAA)) showed lowering of WCA 
by up to 13° (Figure 3-10B). Furthermore, with higher doping levels (measured by SKPM), we 
observed lower WCA.  
 
Figure 3-10: Concept and relation between doping and wettability. (A) Schematic illustrations 
showing graphene wettability modulation by doping induced Fermi level shift. (B) WCA (left axis) 
measured by E-SEM and WF (right axis) measured by scanning SKPM of polyelectrolyte-doped 
and undoped graphene samples. For both n- and p-doping, WCA of graphene decreases. Error bars 
represent one standard deviation. Insets show false colored E-SEM images of water droplets (scale 
bars represent 10 µm).  
 
To prove that WCA is not influenced by the polymer main chain but instead by the charged 
groups of the polyelectrolyte, we conducted a control experiment with PMMA. For the control 
experiment, graphene was transferred on a PMMA coated SiO2/Si substrate, which is a polymer 
layer without the charged groups (but has similar structure as polyelectrolytes). The WCA on this 
sample measured by E-SEM is ~80º (Figure 3-11), proving that the charged groups of the 
polyelectrolyte is required for wettability modulation by doping. Graphene on PMMA has similar 
quality as other graphene samples (Figure 3-11B). 
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Figure 3-11: E-SEM investigation of graphene on PMMA, a polymer without charged groups. (A) 
An E-SEM image of water droplets (WCA~80°) on graphene transferred on top of a PMMA thin 
film on SiO2/Si. Scale bar represents 50 µm. Corresponding Raman peaks are shown in (B). 
 
Chemical doping of graphene by charged polyelectrolytes was further verified by ultra-violet 
photoelectron spectroscopy (UPS) (Figure 3-12), polyelectrolyte solution gating of a graphene 
FET device (Figure 3-13), and Raman spectroscopy (Figure 3-14). Using CasaXPS software for 
curve fitting, raw UPS data was analyzed to find the WF of graphene samples (Figure 3-12A). 
UPS results show that HMW PAH and PLL n-doped graphene, whereas HMW PAA and PSS p-
doped graphene (Figure 3-12B). Characterization of graphene FET’s Dirac point in HWM PAH 
and PSS solutions (Figure 3-13) also showed consistent results as polyelectrolyte-induced doping 
measured by UPS. Dirac point shifts in opposite direction during subsequent solution gating by p- 
and n-doping polyelectrolytes proved the effectiveness of the chosen polyelectrolytes in doping 
graphene (Figure 3-13A). Doping level determined from the Dirac point shift (ΔV), was -0.19 V 
for HMW PAH and +0.17 V for HMW PSS (Figure 3-13B), which is consistent with the values 
reported in literature [20]. Raman spectra of all samples shows prominent 2D and G peaks with 
intensity ratio (I (2D)/I (G)) less than 1, indicative of graphene (Figure 3-14). Small intensity of D 
peak for all the graphene samples proves the absence of significant defects. Graphene samples 
doped by PAH and PLL, show red shift of 2D and G peaks (peak position shifts towards lower 
wavenumber). On the other hand, for PSS and PAA doped samples, opposite blue shift can be 
observed. Peak position shifts are larger for PSS and PLL, demonstrating stronger doping by these 
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polyelectrolytes. The change in graphene’s WF (Figure 3-12B), shift of Dirac point of the graphene 
FET source-drain current (I) versus solution gate voltage (V) curve (Figure 3-13), and Raman G 
& 2D peak shifts (red shift for n-doping and vice versa) (Figure 3-14) [31] confirmed that graphene 
was effectively doped by the different polyelectrolytes.  
 
Figure 3-12: Work function investigation of graphene by UPS. (A) Curve fitting of UPS raw data 
to obtain full width half maximum (FWHM) and peak position to obtain work function (WF) using 
the equation, WF = Photon energy - (High binding energy peak position + Battery voltage + 0.5 * 
FWHM – Offset). A 9 V battery is used for grounding purposes. Instrument offset is calculated 
using a control silver sample. (B) WF of polyelectrolyte doped and undoped graphene samples 
measured by UPS.  
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Figure 3-13: Investigation of polyelectrolyte solution induced doping of graphene FET. (A) Dirac 
point shift in opposite direction was observed when a graphene FET device was solution gated 
using two opposite types of polyelectrolyte. After we obtain DI water gated (with a Ag/AgCl 
reference electrode) graphene FET transfer characteristics, we switched to PSS (1) and PAH (2). 
PSS showed positive shift in Dirac point, indicating p-type doping of graphene. Subsequent 
introduction of PAH demonstrated n-type doping behavior of graphene FET. Both polyelectrolyte 
used had high molecular weight. (B) Dirac point shift in opposite direction was observed for n- 
and p-doping by polyelectrolyte gating of graphene FETs. In this case, different FET devices were 
used for each polyelectrolyte. 
 
 
 
Figure 3-14: Raman shifts for doped and undoped graphene samples. For n-doping (PAH and 
PLL), 2D and G peaks red-shifts and vice versa for p-doping (PAA and PSS). Higher peak intensity 
of 2D peaks was observed for all the doped samples. For PSS sample, higher peak intensity of G 
peak was also observed. 
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3.3.3 Surface Functional Groups 
 
We conducted XPS to compare oxygen containing hydrophilic functional groups on graphene 
surface for both doped and undoped samples (Figure 3-15 and Figure 3-16). Hydrophilic surface 
functional groups can lead to a decrease in WCA. Doped graphene was analyzed by angle resolved 
XPS (ARXPS), and atomic compositions of functional groups were adjusted to avoid the influence 
of the subsurface polyelectrolyte for comparison with the undoped sample.  
XPS at normal takeoff angle, detects 8-10 atomic layers from top of the surface [32]. However, 
this becomes a challenge for doped graphene, as significant portion of the photoelectrons analyzed 
comes from the polymeric background of the subsurface polyelectrolyte. Therefore, to be more 
surface sensitive for the investigation of single layer graphene (~0.35 nm) transferred on 
polyelectrolyte, we performed ARXPS (Figure 3-16 E & F). Our 15° grazing angle ARXPS allows 
surface sensitivity enhancement (probing depth decreases by sin(15°)) over regular XPS, thereby 
probing only ~3 atomic layers (i.e. ~1 nm) [32]. The airborne contaminant layer on graphene was 
shown to be around ~0.5 nm [33]. Therefore, semi-quantitative comparison between doped and 
undoped graphene samples with strongly adsorbed contaminant layer (1 nm total thickness of 
single layer graphene and contaminant layer) is possible by combination of normal and grazing 
angle XPS. C1s high resolution spectra from both doped and undoped graphene samples were 
analyzed by curve fitting (Figure 3-16A, C and E). Hydrophobic functional groups (C-H) coming 
from contaminant layer was not considered during these curve fittings. Considering ARXPS of 
doped graphene still showed presence of C-N bonds (i.e. some photoelectron are coming from 
subsurface polyelectrolyte) (Figure 3-16E), relative amount of hydrophilic groups for the doped 
graphene was adjusted. To find the adjustment factors and subsequent comparison between doped 
and undoped graphene samples, we used the following methodology. 
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The probing depth of ~1 nm for ARXPS was split into three parts- approximately 0.5 nm of 
contaminant layer, 0.35 nm of graphene layer, and 0.15 nm of polyelectrolyte layer. Therefore, in 
addition to contributions from contaminant and graphene layer, which is similar for both doped 
and undoped graphene, doped graphene can also have as much as 15% contribution from 
polyelectrolyte (for 0.15 nm polyelectrolyte layer in the probed region) for the C-C bond. 
Therefore, for comparison, C-C bond percentage of doped graphene is reduced by 15%. As the 
polyelectrolyte did not contain any chemical bonds with oxygen, hydrophilic groups were present 
only on graphene surface and the contaminant layer. Therefore, the percentage of hydrophilic 
groups should also be adjusted.  To have fair comparison, the compositions of hydrophilic groups 
for the doped graphene sample were adjusted by a factor of  100
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 or 1.176 to find their true 
percentage. For example, adjusted C-O/C-C for doped sample can be calculated as, 
𝐶𝐶 − 𝑂𝑂
𝐶𝐶 − 𝐶𝐶
= 3.64 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐𝑓𝑓 𝑓𝑓𝑐𝑐𝑓𝑓 ℎ𝑦𝑦𝑎𝑎𝑓𝑓𝑐𝑐𝑦𝑦ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐 𝑔𝑔𝑓𝑓𝑐𝑐𝑎𝑎𝑦𝑦𝑐𝑐91.18 ∗ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑓𝑓𝑎𝑎𝑐𝑐𝑎𝑎𝑐𝑐𝑓𝑓 𝑓𝑓𝑐𝑐𝑓𝑓 𝐶𝐶 − 𝐶𝐶 𝑏𝑏𝑐𝑐𝑎𝑎𝑎𝑎 = 3.64 ∗ 1.17691.18 ∗ 0.85                                                                                                           = 0.056 
The comparison between doped and undoped graphene is presented in Figure 3-15 after 
calculating the ratio between oxygen containing functional groups and C-C bond percentages, and 
using the adjustment factors for the doped graphene sample only. 
ARXPS results show that the doped sample has similar (0.056 vs. 0.05 for carbonyl groups) or 
less (0.02 vs 0.04 for hydroxyl and 0.001 vs. 0.007 for carboxylic species) hydrophilic oxygen 
containing functional groups compared to the undoped graphene (Figure 3-15 and Figure 3-16A-
F). Therefore, we conclude that the observed decrease in WCA is not due to surface functional 
groups. 
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Figure 3-15: Comparison of hydrophilic groups of doped and undoped graphene sample by 
ARXPS. The doped sample has similar or lower hydrophilic groups than undoped sample, 
corroborating that reduction in WCA by doping is not due to the surface functional groups. 
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Figure 3-16: Investigation of surface functional groups on graphene by XPS. High resolution C1s 
XPS spectrum of graphene on SiO2 (A), graphene on HMW PAH (C) and graphene on HMW PAH 
at a grazing angle (15°) (E). Survey scan XPS spectrum of graphene on SiO2 (B), graphene on 
HMW PAH (D) and graphene on HMW PAH at a grazing angle (15°) (F).  
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3.3.4 Graphene Layer Thickness and Roughness 
 
Other factors that can influence graphene wettability were studied: the number of graphene 
layers [34,35], roughness [36]. Raman microscopy indicates that the graphene samples are single 
or bilayer graphene [31] (Figure 3-14). To confirm whether graphene grown by our CVD recipe 
is single layer or bilayer, we performed graphene layer thickness measurement using AFM. To 
make sure there is no residual moisture between graphene and SiO2/Si substrate, the sample was 
further annealed at 300 °C under Ar for 3 hrs. Thickness measurement by AFM of graphene sample 
on SiO2/Si corroborates with the single layer observation (thickness ~0.3 nm) (Figure 3-17A). 
Roughness measurements using AFM show that all the graphene samples (either doped or 
undoped) have similar roughness with root-mean-square (RMS) value less than 10 nm (Figure 
3-17B). Therefore, we conclude that the observed decrease in WCA is neither due to the change 
in number of layers, roughness, nor surface functional groups; rather it is due to the change in 
graphene’s doping level. 
 
 
Figure 3-17: Graphene layer thickness and topography investigation by AFM. (A) Layer thickness 
measurement by AFM characterization of graphene on a SiO2/Si substrate. (B) RMS roughness 
values for doped and undoped graphene samples measured by AFM. The roughness values of 
doped and undoped graphene samples are similar. Error bars represent one standard deviation. All 
polyelectrolytes investigated were high molecular weight. 
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3.3.5 Metal Induced Doping and Band Bending  
 
Another approach to modulate the charge carrier density or surface potential of graphene is to 
place graphene close to a metal by creating a lateral metal-graphene heterojunction or doping by a 
subsurface metal. For the metal-graphene heterojunction, graphene’s surface potential will change 
as a function of distance (in micron range due to band bending and doping) from the contact 
[37,38]. The WCA of graphene decreased when the water droplet is close to graphene-gold 
junction (Figure 3-18), and was observable up to 20 microns away from the graphene-gold 
junction. Within this region, the change in WCA observed was ~3º for a 20 meV change in WF. 
Beyond 30 µm, WCA value converges to that of undoped graphene on SiO2 only (78º). 
 
Figure 3-18: Relation between band bending and WCA of graphene. Surface potential (right axis) 
was measured using SKPM and WCA (left axis) was measured by E-SEM at different distances 
from gold-graphene junction. Inset shows a schematic illustration of WCA measurement of 
graphene transferred on a gold pad.  
 
For another sample, water droplet spread more (WCA ~70°) near the graphene-gold junction 
due to change in WF of graphene (i.e. doping) (Figure 3-19). As the water droplet moved further 
away from the junction, WCA gradually became larger, and finally saturated to the WCA value 
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for graphene on SiO2 without any graphene-gold junction (75° at 50 µm, and 78° around 70 µm). 
Raman spectra at different distances from the junction showed no observable change in graphene 
quality (minor increase in D band intensity and small broadening of 2D band near the junction at 
5 µm distance), proving that the graphene is not damaged during the transfer process onto gold 
(Figure 3-19B). A ~30 meV drop of graphene’s surface potential with a sharp peak was observed 
near the junction (Figure 3-19C and D), which is consistent with the results of other researchers 
[37]. There is a gradual change in surface potential from 690 meV to 740 meV over the distance 
of 40 microns after the sharp peak near the junction, which could not be captured in one graph due 
to scan size limit of the specific SKPM instrument used. 
 
Figure 3-19: (A) E-SEM image of water droplets on graphene transferred on SiO2/Si having 
lithographically patterned gold pad. Gold pad portion of the image has been superimposed from 
low vapor pressure image to clearly show the gold pad location, which gets partially covered by 
water film during droplet formation. (B) Graphene quality is preserved after transferring on top of 
gold as shown by the Raman data. (C) Scanning Kelvin probe microscope map of graphene surface 
potential close to gold-graphene junction. (D) Surface potential line scan along the red line shown 
in (C). 
 
It is well known that graphene sitting on top of metal is doped by the metal [38–40]. The 
amount and type of doping depends on the type of metal. We have investigated the WCA 
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modulation of graphene grown on polycrystalline copper foil, and graphene transferred onto a gold 
pad. Graphene was shown to be weakly n-doped by copper (~0.10 eV), relatively strongly p-doped 
by gold (~0.25 eV) [40]. Our investigation showed that average WCA of graphene on copper is 
close to WCA of nominally undoped graphene on SiO2 (~81°), whereas graphene on gold showed 
WCA of 76° (Figure 3-20). Interestingly, for even stronger p-doping of graphene by platinum (Pt), 
Amadei et al. showed WCA of graphene on Pt is 4° smaller than graphene on gold [41].  Future 
investigations with subsurface metals that can cause larger doping can shed more light on this 
phenomenon. 
 
 
Figure 3-20: Water contact angle on graphene sitting on metals. E-SEM image of water droplets 
on graphene transferred on top of a gold pad (A) and graphene grown on a polycrystalline copper 
foil (B). 
 
3.3.6 Adhesion Force 
 
Adhesion force is closely related to WCA. Interaction between an AFM tip (coated with 
hydrophobic self-assembled monolayer (SAM)) and a substrate can indicate substrate’s adhesion 
force toward the hydrophobic tip [42], and from adhesion force, a conclusion about wettability 
state can be drawn [43]. We carried out AFM adhesion force measurements using OTS coated 
silicon tip (Figure 3-21; 128 data points were recorded in an 18 µm2 sample area). Even though 
non-specific binding of OTS may happen during OTS treatment of AFM probe tip made with 
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material other than silicon, the results using those tips are not reliable as the coating may get 
partially or totally removed during measurement due to weak bonding. Therefore, OTS coated 
silicon probe tips with backside aluminum reflex coating were used for all measurements. 
Aluminum reflex coating prevents fluctuation in the collected signal by reflecting the light coming 
from deflection sensor.  
The difference in force upon approach and retraction of AFM tip to and from graphene surface 
represents the adhesion force. Hydrophobic graphene surface should have stronger interaction with 
hydrophobic AFM tip, and therefore should show larger adhesion force. Undoped graphene 
showed stronger adhesion force (~25 nN) compared to the doped graphene (~17 and 11 nN), 
indicating undoped graphene being more hydrophobic compared to doped samples, with the bare 
SiO2 control sample being the most hydrophilic (~6.1 nN) (Figure 3-21). Control experiments with 
uncoated AFM tip showed no difference in adhesion force between undoped graphene and bare 
SiO2 (Figure 3-22). Therefore the plot shown in Figure 3-21 is the result of interaction between 
hydrophobic SAM on AFM tip and graphene samples. This nanoscopic investigation confirms the 
E-SEM microscopic findings of wettability modulation, and thus proves that the different WCAs 
are due to polyelectrolyte doping of graphene.  
 
88 
 
 
Figure 3-21: Adhesion force measurement of doped and undoped graphene samples using OTS 
coated silicon AFM tip. For both n- and p-doping, a decrease in adhesion force was observed. 
Hydrophilic SiO2/Si was used as a control substrate, which showed the lowest adhesion force. 
Inset shows a typical force curve observed using OTS coated silicon AFM tip. Error bars represent 
1-standard deviation. 
 
 
Figure 3-22: Control experiment for adhesion force measurement. Adhesion force of bare SiO2 
and undoped graphene on SiO2 using an uncoated silicon tip with backside aluminum reflective 
coating. 
 
3.3.7 Analytical Model 
 
Young-Lippmann equation analytically predicts WCA modulation on a semiconductor or 
metal due to electrowetting. The same concept can be utilized for doped graphene with 
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modifications for electric field and capacitance terms (Figure 3-23). Young-Lippmann equation 
for pure electrowetting can be written as [44], 
𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃0 + 𝐶𝐶2𝛾𝛾 𝑉𝑉2  (3-1) 
where 𝜃𝜃 is the contact angle after applying voltage, 𝜃𝜃0 is the original contact angle before applying 
voltage, C is the total capacitance of the solid-liquid interface, V is the applied voltage, and 𝛾𝛾 is 
the liquid surface tension (~72 mN/m for liquid water at high relative humidity inside E-SEM 
chamber [45]).  
This equation can be used for graphene electrowetting when a voltage is applied between water 
droplet and graphene. For chemically or electrically doped graphene, electric charge accumulate 
on graphene surface due to doping, and that could influence the solid-liquid surface energy 
according to Lippmann equation [46].  
For chemically doped graphene, applied voltage can be replaced by graphene surface potential 
U  in the following way [46], 
𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃 = 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃0 + 𝐶𝐶2𝛾𝛾 𝑈𝑈2  (3-2) 
Surface potential for undoped graphene is considered to be zero, therefore U here is the change 
in WF between doped and undoped graphene. From Equation (3-2), it is implied that the water 
contact angle on both n- and p-doped graphene with same surface potential U will be the same due 
to U2 term. However, the interfacial capacitance is not constant as is the case for traditional 
electrowetting. Rather we will see it varies with graphene potential as shown below. 
As shown in Figure 3-23, total interfacial capacitance includes quantum capacitance of 
graphene CQ, capacitance of the hydrophobic contaminant layer on top of graphene CC, 
capacitance of the Helmholtz layer in water CH, and capacitance of the diffuse layer in water CD.  
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Quantum capacitance can be expressed as [47], 
𝐶𝐶𝑄𝑄 = 2𝑒𝑒3𝑈𝑈𝜋𝜋(ℏ𝑙𝑙𝐹𝐹)2  (3-3) 
where ℏ is the reduced Planck constant (= ℎ/2𝜋𝜋), 𝑣𝑣𝐹𝐹 is the Fermi velocity, e is the electron charge, 
and U is the graphene potential. Depending on the doping level in our investigation, the value vary 
from 0-0.1 F/m2 [47].  
Hydrophobic contaminant capacitance can be expressed as, 
𝐶𝐶𝐶𝐶 = 𝜖𝜖0𝜖𝜖𝐶𝐶𝑑𝑑   (3-4) 
where 𝜖𝜖𝐶𝐶 is the relative static permittivity of contaminant layer, and d is the thickness of the 
contaminant layer. The contaminant thickness is less than one nanometer [33], and considering the 
relative static permittivity to be similar to nanometer thick PMMA (~2) [48], CC will be ~ 0.05 
F/m2. This capacitance does not change with graphene potential. 
Capacitance in the Helmholtz (or Stern) layer, CH can be expressed as [49], 
𝐶𝐶𝐻𝐻 = 𝜖𝜖0𝜖𝜖𝑤𝑤𝑑𝑑   (3-5) 
where d is the Debye length = �𝜖𝜖0𝜖𝜖𝑤𝑤𝐾𝐾𝐾𝐾
2𝑐𝑐𝑁𝑁𝐴𝐴𝑞𝑞2
 , 𝜖𝜖𝑤𝑤 = 80, k = 1.38×10-23 J/K, T = 300 °K, q = 1.6×10-19 
C, c = solution molarity (mol m-3) and NA = 6.02×1023 mol-1. For deionized water or very dilute 
solution (c=0.000001 M), d is ~300 nm using the above equation. This value of d results in a small 
value of CH (0.0023 F/m2).  
Diffuse layer capacitance can be expressed as, 
𝐶𝐶𝐷𝐷 = 𝑧𝑧𝑧𝑧�2𝜖𝜖0𝜖𝜖𝑤𝑤𝑐𝑐𝑅𝑅𝐾𝐾 𝑐𝑐𝑐𝑐𝑐𝑐ℎ 𝑧𝑧𝐹𝐹𝑈𝑈𝐻𝐻2𝑅𝑅𝐾𝐾   (3-6) 
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where F (Faraday’s constant) & R (universal gas constant) are constants, c is the solution 
concentration, z is the magnitude of the ionic charge, and UH is the potential of the outer Helmholtz 
plane. UH depends on graphene potential U. If solution concentration c is very small, CD will also 
be small (~0.001 F/m2). Both CH and CD contribute to the double layer capacitance, CDL.  
However, other researchers have shown by simulation and experiments that Stern model is not 
accurate as interfacial dielectric profile of water is neglected in this case [50,51]. For low 
concentration or pure water, the value of CDL has been reported as 0.035 F/m2 [51]. 
Quantum capacitance dominates the overall capacitance term by being the smallest for smaller 
doping level (CQ less than 0.035 F/m2 for doping level less than 0.15 eV). But for doping level 
larger than 150 meV, capacitance of the double layer is dominant. However, as the capacitances 
are of the same order of magnitude, all three of them should be considered. Considering 
C= 11
0.1+ 10.05+ 10.035 =0.017 F/m2 for U=0.4 V, Ɵ0=78° and γ = 71.97 mN/m, the change in WCA for 
400 meV doping from Equation (3-2) is ~1.5°. For 700 meV doping, the change in WCA is ~4°.  
However, as the simple analytical equation has limiting assumptions (i.e. lack of consideration 
for droplet shape (only applicable at macro-scale), electric fringe fields at the contact line, linear 
dielectric properties, limited to water contact angles close to 90°, etc.) [52–54], a thorough 
molecular dynamics simulation study is needed to better understand this phenomenon. 
 
Figure 3-23: Schematic illustration of different capacitances involved in chemically doped 
graphene-water interface. 
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3.3.8 Electrical Doping 
 
Graphene was transferred onto a 50-nm thick SiO2 on degenerately doped Si substrate and 
annealed at 200 °C and 1 Torr pressure for 30-45 min. Backgate bias (Vbias) was used to modulate 
the carrier density of graphene. In this case, graphene was set at the ground (0 V) and the backgate 
bias (Vbias) is adjusted between 0V and -8 V. The electrical field modulation of graphene 
demonstrated WCA changes of 4º (from 87 to 83 degrees) as shown in Figure 3-24. The 
macroscopic WCA of graphene on SiO2 is different from microscopic value shown earlier due to 
inhomogeneity in the macroscopic area inherent in the fabrication and transfer process of 
graphene. The WCA modulation by electrical doping could be further improved by using a high-
κ dielectric and thus a stronger electrically modulated carrier concentration of graphene. 
 
Figure 3-24: Electrically tunable WCA of graphene. 
 
3.4 Conclusions 
 
In conclusion, we have demonstrated for the first time by experimental, and analytical study 
that WCA of graphene can be modulated by doping. WF change of 300 meV due to electrostatic 
interaction of graphene with subsurface atoms and molecules translates to as much as 13° change 
in WCA, which we believe, is an important factor responsible for previous observations of 
phenomena such as wetting translucency, tunable water adsorption and tunable adhesion force. 
Microscopic wettability modulation by a change in electronic structure of graphene can lead to 
potential use as an advanced tunable coating layer, multifunctional biological and chemical sensors 
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with tunable adhesion [55], doping induced display applications [56], surface energy driven 
microelectromechanical systems (MEMS) device, and anti-fouling heat transfer surface. This 
investigation further contributes to the overall understanding of graphene wettability by 
elucidating the influence of electrostatic force on wettability modulation. This work contributes to 
a new perspective on wetting transparency and/or opacity by shifting the focus from underlying 
substrate to the doping level of graphene. This investigation also provides a unique linkage 
between a sub-atomic particle (i.e., electron) and macro/micro-scopic properties (i.e., surface 
energy) of graphene. 
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Chapter 4  
 
Robust Carbon Nanotube Membranes 
Directly Grown on Hastelloy Substrates and 
Their Application for Membrane Distillation 
 
 
4.1 Introduction 
 
The growth of carbon nanotubes (CNTs) on metal substrates (CNTM) has been a subject of 
interest for the last two decades because of the immense potential of CNTM as functional materials 
for filtration, sensing, energy storage, and heat transfer [1–7]. Carbon nanotubes on metal substrate 
materials have been developed on sheet or powder substrates or mesh screens with large openings 
[2,8,9]. A substantial number of studies have been conducted to understand the CNT growth 
mechanism, characterize the quality of CNT, and evaluate potential applications of CNTM by 
considering their mechanical and electrical properties [7,9–14]. However, to the best of our 
knowledge, the development of CNTM on suitable porous or mesh screen substrates, as a method 
for membrane fabrication, has not been investigated.  
Carbon nanotubes grown on CNTM have superior hydrophobicity, which is a critical property 
for many applications, such as membrane distillation and condensation heat transfer [15,16]. It is 
also critical for the grown CNT in the CNTM material to maintain its interfacial bonding and resist 
delamination when the materials are exposed to high humidity, corrosive gases, or corrosive 
conditions in aqueous solutions. A limited number of reports has been published on the surface 
wettability of CNTM materials [3,8,17–19], but no work has been identified that evaluates the 
performance and stability of CNTM in humid conditions or corrosive environments. For example, 
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De Nicola and co-workers reported that multiwalled CNT grown on stainless steel (SS) has a 
superhydrophobic property (water contact angle (WCA) of 154°) [19], and Zhang and Resasco 
showed that aligned single-walled CNTs are superhydrophobic [18]. The deposition of 
hydrophobic coatings, such as Teflon [20], gold thiol [21] and silicone [22] on top of the CNT 
forest has also been reported to make the forest superhydrophobic. However, the thermal or 
chemical stability of these or other superhydrophobic CNTM materials for practical applications 
has not been investigated. 
Hydrophobic CNT is a material of interest for water desalination because of the unique 
nanoscale interactions occurring along the graphitic walls [23] leading to fluxes several orders of 
magnitude higher than values predicted by continuum hydrodynamics theory [24,25]. Membrane 
distillation, a desalination technology that purifies water by allowing only water vapor to pass 
through hydrophobic pores, can benefit greatly from the availability of suitable CNT membranes 
with high hydrophobicity, enhanced flux, and resistivity to microbial fouling [26]. Even though 
the commercial potential of CNT membranes has been shown, commercially viable, robust CNT 
membranes have not yet emerged. The higher manufacturing cost involved with micro- and 
nanofabrication of CNT membranes, the health hazards caused by the presence of permeated CNT 
after dislodging (because of weak interfacial bonding) from the membrane [26], and the stability 
of the CNT under realistic application conditions (e.g., high temperature, an oxidative atmosphere, 
or a corrosive environment) are some of the major challenges involved with producing a viable 
CNT membrane.  
This work was aimed at the development of robust, functional CNTM membranes that can be 
utilized for separation or other applications. The CNT can be grown on metallic catalysts by a 
variety of methods. Table 4-1 provides a brief review of the CNTM preparation methods. 
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Preparing CNTM involves three main stages: (1) pretreatment, to develop initial catalytic sites; (2) 
CNT growth, to grow CNT on the catalytic sites by decomposition of the carbon source using a 
chemical vapor deposition (CVD) process; and (3) post-treatment, for purification or alignment of 
the grown CNT. Different pretreatments (oxidation, acid pickling, etc.) can be used to form 
nanometer-sized catalyst sites on metal substrates. Different metals with or without a passivation 
layer and additional catalysts can be used to grow CNT, with a variety of gases as the carbon 
source. The gas composition in the CVD chamber and other process conditions (i.e., temperature, 
pressure, gas residence time, gas velocity, and flow patterns around the CNT deposition substrates) 
can influence length, diameter, surface coverage, uniformity, purity, and other properties of CNT.  
Through a systematic study, we have identified available methodologies for the preparation of 
CNTM and modified them to develop an appropriate method for fabricating superhydrophobic and 
corrosion-resistant CNTM membranes. Suitable substrates with micrometer-sized pore openings, 
including SS, Hastelloy C22 (HAST), silver, and quartz fiber filter, were selected as templates for 
CNT growth. The substrates were also chosen because of their high temperature and corrosion 
resistance, mechanical strength, and flexibility. Dense CNT growth on SS and HAST (pretreated 
by air oxidation) and on nickel-sputtered silver (subjected to dewetting at higher temperature) was 
achieved by pyrolysis of acetylene and benzene at 750 °C.  
After initial characterizations, CNT on HAST (CNTH), because of its superior corrosion 
resistance, high flexibility, high CNT purity, and superhydrophobicity, was chosen as the best 
performing material for further analysis and testing using a membrane distillation setup. The 
robustness of the developed CNTH membrane was demonstrated by the American Society for 
Testing and Materials (ASTM) adhesion test, ultrasonication in a solvent, and exposure to 
concentrated HCl and high-salinity water (a 70,000 ppm NaCl solution). Several reports suggest 
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that CNT membranes, such as bucky paper (BP), might be promising materials for membrane 
distillation because of their superior hydrophobicity, antifouling property, and mechanical strength 
[27,28], but they suffer from delamination, low flux, and complicated fabrication requirements 
[29,30]. We characterized the developed CNTH membranes by the ASTM standard bubble point 
test and direct contact membrane distillation (DCMD) and compared them with selected 
commercial membranes. The developed CNTH membranes were superhydrophobic and resistant 
to delamination and bending when compared with a commercial CNT BP membrane. The CNTH 
membranes showed promising performance in the membrane distillation tests for water 
desalination, suggesting these new CNT membranes have potential for use in separation 
applications, particularly in corrosive environments or at high temperatures. 
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Table 4-1: Brief summary of methods proposed in the literature for substrate pretreatment, CNT 
growth on metallic or ceramic substrates, and posttreatment of grown CNT.  
Method Summary  
Pretreatment  
Oxidation Oxidation of substrate in air [13,31–33]/O2 [14]/humid air [9] in the 
temperature range of 500–1000 °C, followed by a reduction in H2 or 
      Acid treatment Pickling in concentrated HCl for 5–20 min [31,32,34,35]. 
Abrasion Abrasion of ceramic substrate with steel. Abrasion pressure influences 
CNT growth density [36]. 
Metal catalyst loading 
by physical vapor 
deposition 
Metal catalyst deposition after depositing a buffer layer of 
SiO2/Al2O3/Al by E-beam evaporation/sputtering [10,12,37–39]. 
Metal catalyst loading 
by electrochemical 
deposition 
Electrophoretic deposition of cobalt [40]. 
Metal catalyst loading 
by dip coating 
Applying an FeCl3 solution on the target substrate by dipping [12,41]. 
  CNT growth on 
substrates 
 
Stainless steel (SS) Growth on SS (after pretreatment) when using C2H2 (12 µm SS 
fiber[2], 2 µm SS fiber [13], 50 µm SS grid and powder [34]), C2H2 
             
     
Nickel (Ni) Growth on Ni foil when using CH4 [35], or on a Ni TEM grid when 
using C2H4 [42]. 
Inorganics on metal 
mesh 
Growth on Al2O3/SiO2, after 1–2 nm Fe deposition, when using C2H4 
(SS foil [39]) or C2H4 with H2O (Si [7,12,38], metal foils [10]). 
Alloys Growth on Permalloy, Invar plate (after pretreatment) when using 
C2H4 [14] or Inconel substrate with Al and Fe layer when using C2H4 
    Postprocessing of 
CNT 
 
Steam treatment Five-minute treatment at 800 °C after the growth stage to remove 
amorphous carbon layer [37]. 
Oxidation Oxidation at 400 °C to remove amorphous carbon layer [40]. 
Capillary densification Densification of CNT when using condensation of acetone vapor on 
them [43]. 
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4.2 Experimental Section 
 
4.2.1 Materials 
 
The SS mesh (325 × 2300 Micronic 316 L) was obtained from TWP Inc. (Berkeley, CA) as 1 
in. discs with a 2 µm pore size. The HAST mesh was purchased from Unique Wire Weaving Inc. 
(Hillside, NJ) as 1 in. discs with a 10 µm opening. Pure silver membranes (99.97%) with a 0.2 µm 
particle retention rating were obtained from Sterlitech Corporation (Kent, WA). Poly 
(tetrafluoroethylene) (PTFE) membranes with a 0.2 µm pore size were obtained from Pall 
Corporation (New York City, NY). The BP and CNT were purchased from NanoTech Labs, Inc. 
(Yadkinville, NC). The tissue quartz filters with a 432 nm pore size and 1 in. diameter were 
obtained from SKC Inc. (Eighty Four, PA). The electroless ammonia-type nickel solution was 
purchased from Transcene (Danvers, MA). The CVD gases (argon, hydrogen, methane, and 
acetylene) were acquired from S.J. Smith Co. (Urbana, IL). Other materials used, including 
benzene, ferric chloride, nickel nitrate, concentrated HCl, isopropyl alcohol, and NaCl were ACS 
grade and obtained from Fisher Scientific (Waltham, MA). 
4.2.2 Characterization  
 
The prepared membranes were characterized to obtain several key parameters. The scanning 
electron microscope (SEM) images were obtained using Philips XL30 ESEM-FEG (FEI, 
Hillsboro, Oregon) and Hitachi S4800 (Troy, MI) instruments. The environmental SEM (E-SEM) 
images were obtained at 4° C sample temperature and 100% relative humidity using an FEI Quanta 
450 instrument (FEI, Hillsboro, Oregon). The water contact angle (WCA) was measured from the 
E-SEM images by using ImageJ software [44] with a drop-analysis plugin based on fitting the 
Young–Laplace equation to the image data. Raman microscopy was performed with a Renishaw 
microPL/Raman microscope (Renishaw Inc., Gloucestershire, UK). The macroscopic WCA of 
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samples were measured with a KSV CAM200 goniometer (KSV Instruments Ltd., Helsinki, 
Finland). An X-ray photoelectron spectroscopy (XPS) analysis of the samples was performed with 
a Kratos Axis ULTRA instrument (Kratos Analytical Ltd., Manchester, UK) equipped with a 
monochromatic magnesium or aluminum Kα X-ray source and a 0.7 × 0.3 mm2 slit for the 
collection of emitted photoelectrons. Calibration was performed according to the carbon peak at 
284.5 eV binding energy, and carbon and oxygen compositions were calculated from their high-
resolution spectra (analyzed with CasaXPS software, Casa Software Ltd., Teignmouth, UK) with 
relative sensitivity factors for carbon and oxygen of 0.278 and 0.711, respectively. Binding 
energies for the functional groups used in high-resolution XPS spectra curve fitting were selected 
by using the methodology mentioned in our earlier work [45]. Surface areas of selected samples 
were determined from adsorption isotherms of nitrogen from a relative pressure (P/P0) of 10−3 to 
1 at 77 K by using a Micromeritics Gemini VII instrument. Samples were degassed in a vacuum 
for 1 h at 180 °C before nitrogen adsorption. Surface area was estimated from the linear range of 
the Brauner–Emmett–Teller equation from the relative pressure of 0.05 to 0.2. The thermal and 
oxidation stability values of samples were characterized by using a thermogravimetric analyzer 
(model VersaTherm HS, Thermo Fisher, Waltham, MA) by measuring the weight of samples while 
heated with a heating rate of 5 °C/min to 750 °C in air. An ASTM bubble point test was performed 
by using a membrane holder, one end of which was connected to the nitrogen tank with a digital 
pressure gauge to monitor the increase in pressure, and with the other end connected to a clear 
glass tube having isopropyl alcohol in contact with the membrane to observe the emergence of 
nitrogen bubbles from the membrane under pressure [46]. An ASTM adhesion test was performed 
by firmly attaching (air bubbles were removed by pressing) adhesive Scotch tape to the sample 
surface and checking the same surface after peeling the tape off [47]. Ultrasonication tests were 
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conducted for 40 s at a frequency of 20 kHz and an input energy of 240 W/L by using F550 sonic 
dismembrator equipment from Fisher Scientific (Hampton, NH). 
4.2.3  Preparation of Carbon Membranes 
 
 Different pretreatment, growth, and post-treatment methods from the literature were evaluated 
and optimized by performing experiments in our laboratory. Figure 4-1 illustrates different 
pretreatments applied to various substrates for CNT growth. Selected photographs of the CNT 
membranes are included in Figure 4-1 to show the physical appearance of these membranes and 
qualitatively show their water hydrophobicity by the spherical shape of the water droplets on their 
surface. Figure 4-2 shows the effect of different growth variables of CVD, namely, growth 
temperature, time, and gas flow rate, on CNT growth on metal substrates. A schematic diagram of 
the sample preparation conditions and a photograph of the CVD setup are shown in Figure 4-3. 
Further details on the sample preparation are provided below. 
Pretreatment. Substrates were pretreated before the CNT growth stage by the following 
methods: 
1. Dipping in 37% HCl for 10 to 20 min. This treatment is also referred to as “pickling” or 
dipping in a “strike solution.”  
2. Dipping in an electroless nickel solution for 6 to 14 h at 90 °C. This step was followed by 
annealing at temperatures equal to or higher than 400 °C.  
3. Treating with argon plasma at high power and increasingly longer times (300 W for 5, 10, 
and 30 min) or low power and a shorter time (30 W for 1 min). 
4. Sputtering nickel to an approximate thickness of 10 or 50 nm. 
5. High temperature oxidation in air. 
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Additionally, the substrates were cleaned by degreasing with acetone, isopropyl alcohol, and 
deionized water.  
 
Figure 4-1: Various pretreatments used for different metal and quartz substrates before the CNT 
growth stage. Selected images of the prepared CNT membranes show the physical appearance of 
these membranes and their hydrophobic characteristics.  
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Figure 4-2: Effect of variations in the growth parameters on CNT growth on stainless steel 
substrates. a-c, amorphous carbon. 
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Growth. The schematic diagram in Figure 4-3A summarizes the range of different variables in 
the growth of CNT on pretreated substrates. Figure 4-3B is a photograph of the CVD setup. 
 
Figure 4-3: (A) Schematic diagram of the CNT growth process conditions. (B) Photograph of the 
CVD setup. 
 
A modified method was developed based on these experimental observations that could allow 
CNT growth at a higher density and with fewer amorphous carbon impurities. The method had 
slight variations, depending on the pretreatment conditions (oxidation at 750 °C followed by 
reduction under hydrogen; acid pickling in concentrated HCl; metal catalyst loading by sputtering 
or dip coating, followed by dewetting). The pretreated substrate was placed inside a quartz tube 
[tube diameter of 1 in. for medium-temperature (750 °C) and high-temperature (800 °C) growth, 
and 2.5 in. for low-temperature (600 °C) growth] inside a tube furnace (Lindberg/MPH, Riverside, 
MI) for CNT growth on the substrate by CVD. The substrates were supported by large stainless 
steel discs or wound wires (to prevent the mesh from bending because of the thermal stress). The 
chamber was first purged with 1000 standard cubic centimeters per minute (SCCM) of ultra-high 
purity argon. The second step involved gradually heating the quartz tube to the desired 
temperature. The temperature was increased at a rate of 20 to 50 °C/min under an argon 
atmosphere. During reduction, annealing, or dewetting (depending on the pretreatment condition), 
the substrate was kept in a reductive or inert atmosphere (a mixture of hydrogen and argon or argon 
only) for 20 min. Carbon nanotube growth was conducted by using acetylene and benzene as the 
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carbon source as well as hydrogen and water vapor for controlling the density and purity of the 
grown CNT. During the growth stage, a mixture of acetylene (12.5 SCCM), hydrogen (50 SCCM), 
and argon (125 SCCM) was bubbled in water (at 20 °C) to add water vapor. The flow was bubbled 
through benzene (at 20 °C) and then sent to the growth chamber. The CVD was performed for 15 
to 30 min at 600 to 800 °C. The prepared CNT membranes were allowed to cool to ~20 °C under 
a flow of either only argon or argon saturated with water vapor at 20 °C.  
Orienting the substrate horizontally parallel to the gas flow resulted in nonuniformity in the 
prepared membrane. To obtain more uniformity in CNT growth, the sample was placed 
perpendicularly to the gas flow, and the gas flow direction was switched from right to left and then 
in the reverse direction every 5 min. A quartz tube with an internal diameter of 26 mm with a 
quartz frit fused in the middle was used (Figure 4-4).  
 
Figure 4-4: Chemical vapor deposition reactor with the substrate oriented perpendicularly to the 
gas flow by using a customized 26 mm quartz tube with a quartz frit fused in the middle.  
 
4.3 Results and Discussion 
 
A systematic approach has been undertaken to develop new types of CNT membranes grown 
on various substrates for membrane distillation or other separation applications. It is desirable that 
the developed membranes have submicrometer openings and are flexible, nonfragile, 
superhydrophobic, resistant to delamination, resistant to corrosive conditions, and stable at high 
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temperatures (e.g., up to 500 °C) under oxidative conditions. The experimental results presented 
here describe the preparation and characterization of different CNTM materials leading to the 
development of a CNT membrane (i.e., CNTH membrane) with the desired characteristics. 
To develop CNTM membranes, it is imperative to obtain uniform and dense coverage of CNT 
on the substrate. We began with various methods proposed for CNT growth on metallic substrates 
(Table 4-1) and modified them to prepare membranes with the desired properties.  
4.3.1 Variation of CNT Growth Based on Different Pretreatments 
 
Characteristics of the grown CNT varied based on the types of substrates used, the 
pretreatments, and growth parameters (e.g., temperature, flow rate) used. Without pretreatment, 
some CNT growth was observed on SS substrate (Figure 4-5). Contrary to the SS substrate, the 
HAST substrate showed minimal coverage of CNT without any pretreatment (Figure 4-5). The 
variations of CNT growth based on substrate, pretreatment and growth parameters are listed below: 
SS and HAST 
Electroless nickel deposition and acid pickling- HAST substrate dipped in the electroless 
nickel solution for nickel deposition, yielded spaghetti-like carbon materials at growth temperature 
of 600 °C (Figure 4-5). However for the SS substrate, same growth procedure resulted in a mixture 
CNT and amorphous carbon (Figure 4-5). Acid pickling with hydrochloric acid produces 
predominantly amorphous carbon coated SS and HAST substrates (Figure 4-5). At 750 °C growth 
temperature, both for HCl etching and electroless nickel coating after HCl etching resulted in no 
observable carbon deposition on SS substrate (Figure 4-6).  
Argon plasma treatment- Different results were observed for the SS and HAST substrates 
bombarded by argon plasma (Figure 4-7). For SS, the combination of high-power argon plasma 
(300 W) and longer exposure time (30 min) resulted in poor coverage, whereas the combination 
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of low-power (30 W) and shorter time (1 min) showed medium coverage. HAST substrate 
however, showed the opposite trend. The disparity in coverage between two substrates is probably 
caused by the difference in smoothness and composition of the SS and HAST samples.  
Therefore, acid pickling, electroless nickel deposition (Figure 4-5 and  4-6) and Argon plasma 
bombardment (Figure 4-7), resulted in poor growth of CNT because of the inability of the 
pretreatments to produce suitable nanometer sized catalytic sites. 
Air oxidation and nickel deposition by sputtering- For SS and HAST substrates, air oxidation 
(for 10 min) followed by hydrogen reduction (ox-red) or catalyst deposition by physical vapor 
deposition (sputtering) were the only pretreatments that resulted in dense growth of CNT. Dense 
growth of CNT on the HAST substrate has previously been shown with hot filament plasma-
enhanced CVD [48], in which plasma helps to break up the substrate surface to smaller catalyst 
sites. Here, we used a hot-wall atmospheric pressure CVD with ox-red or sputtering pretreatment 
conditions to generate catalyst sites similar to those generated in the plasma-enhanced CVD system 
to grow dense CNT networks on the HAST substrate.  
Figure 4-8A shows SEM images of the CNTH-750 membrane (CNTH prepared at a growth 
temperature of 750 °C) with the ox-red pretreatment. The ox-red pretreatment helped break up the 
smooth surface layer to generate a rough surface with nanometer-sized catalyst sites [13]. Dense 
growth of CNT was observed at those catalyst sites around individual HAST wires (Figure 4-8A). 
The CNT were not aligned along any particular direction as they grew around wires with circular 
cross-sections.  
It was expected that during CNT growth on the alloy mesh substrate, amorphous carbon would 
also form simultaneously because of the availability of carbon atoms, which might form graphitic 
or nongraphitic carbon structures [49]. To reduce the formation of amorphous carbon and prevent 
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coverage of the catalytic sites with these impurities, water vapor was used during the growth stage 
at 750 °C to etch away the amorphous carbon through a gasification reaction [12]. Compared with 
amorphous carbon, different forms of graphitic carbon, including CNT, are significantly more 
resistant to reaction with water at elevated temperatures [12]. As shown in Figure 4-8A, the 
presence of amorphous carbon was minimal; amorphous carbon appears brighter in the SEM 
images because it is less electrically conductive than CNT or graphitic carbon.  
Similar results of dense CNT growth at 750 °C were obtained when the HAST mesh was coated 
with an additional nickel layer (around 600 nm) by sputtering as a pretreatment step (Figure 4-8B). 
At this temperature, the thin sputtered nickel layer dewets and forms nanometer-sized nickel 
catalysts, facilitating the initial formation of CNT bases and the subsequent growth of CNT [50]. 
Among the other substrates, a dense CNT network was grown on nickel-sputtered silver when 
nickel sputtering was used as a pretreatment step (Figure 4-9).  
Growth temperature- When CVD was performed at a lower temperature (600 °C), the CNTM 
had a substantial amount of amorphous carbon impurities (Figure 4-2). The balance between 
catalytic CNT formation and amorphous carbon deposition shifted toward more amorphous carbon 
deposition when the growth temperature was 800 °C (Figure 4-2). This result is consistent with 
the results of Romero and co-workers [49] and is mainly due to rapid decomposition of the 
hydrocarbon source (acetylene and benzene) at 800 °C. Therefore, a CNT growth temperature of 
750 °C was identified as the optimal temperature for CNTH preparation.  
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Figure 4-5: Effect of dipping in an electroless nickel solution (without the strike solution), HCl 
treatment, and no pretreatment on SS (A) and HAST (B) at a growth temperature of 600 °C. 
 
 
 
 
 
Figure 4-6: Effect of HCl treatment (A) and dipping in an electroless nickel solution (after HCl 
pretreatment) (B) on SS at a growth temperature of 750 °C. 
 
 
112 
 
 
Figure 4-7: Effect of argon plasma on HAST (A, B, C) and SS (D, E) substrates at (A, D) a low 
power (30 W and 1 min), (B) a high power for a short time (300 W and 5 min), and (C, E) a high 
power for a long time (300 W and 30 min). All samples were prepared at 750 °C. 
 
 
Figure 4-8: CNTH membrane with (A) an air oxidation pretreatment and (B) a 50 nm nickel-
sputtering pretreatment. Both membranes were prepared by CNT growth at 750 °C. 
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Figure 4-9: Carbon nanotube growth (at 750 °C) on a nickel-sputtered silver membrane. 
 
Quartz 
In addition to metal, a thin tissue quartz fiber mesh was investigated because of its exceptional 
flexibility, temperature, and corrosion resistance. Figure 4-10 shows the effect of dipping the 
substrate in NiNO3 (Figure 4-10A–B), sputtering, and dewetting the 50 nm (Figure 4-10C) and 5 
nm (Figure 4-10D) sputtered nickel film. For the 5 nm film, the dewetting time was 1 min at 750 
°C, and for the 50 nm film, it was 20 min at the same temperature. However, for tissue quartz fiber 
mesh (a nonmetallic substrate) dipped in the metal catalyst solution or sputtered with nickel, the 
best temperature for CNT growth was 600 °C instead of 750 °C (Figure 4-10). The catalyst-dipped 
substrate resulted in CNT growth, whereas nickel-sputtered samples resulted in amorphous carbon 
deposition because the nanometer sized nickel catalyst sites could not be produced by dewetting. 
Comparison with established methods in literature 
We also prepared CNTH samples following the methods of Pattinson and co-workers [13] and 
Vander Wal and Hall [9] and compared them with a CNTH sample prepared based on our method. 
Samples prepared based on our method have a similar or better CNT network and appear to be free 
of amorphous carbon impurities (Figure 4-11).  
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Figure 4-10: Effect of triple dipping in a NiNO3 catalyst solution and growth at 600 °C (A, B), 
long dewetting of 50 nm sputtered nickel (20 min at 750 °C) followed by growth at 750 °C (C), 
and short dewetting of 5 nm sputtered nickel (1 min at 750 °C) followed by growth at 750 °C (D) 
on a tissue quartz fiber substrate. 
 
 
Figure 4-11: (A) CNTH prepared by the method of Pattinson and co-workers [13]. (B) CNTH 
prepared by the method of Vander Wal and Hall [9]. (C) CNTH prepared by our method at 750 
°C.  
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4.3.2 Hydrophobicity and Mechanical Strength 
 
All four prepared CNTM membranes, namely, CNT on SS (CNTSS), CNTH, CNT on silver 
(CNTS), and CNT on quartz fiber (CNTQ), were hydrophobic (Figure 4-1) but had varying 
degrees of flexibility and corrosion resistance. The CNTSS corroded with prolonged (2-day) 
exposure to deionized water (Figure 4-12A, B). The corrosion in SS occurred because of depletion 
of the protective chromium layer during the CVD stage [51]. The CNTQ and CNTS membranes 
became brittle in the CVD stage and broke during testing with the membrane distillation setup 
(Figure 4-12C). The CNTH-750 membrane showed superior corrosion resistance, hydrophobicity, 
and mechanical strength and flexibility, as discussed in detail later. Therefore, only CNTH-750 
was considered for further material characterization and membrane testing. 
 
 
Figure 4-12: Corrosion and mechanical strength of SS samples. Corrosion phenomenon observed 
in SS membranes: (A) Image captured immediately after placing water droplets on a CNTSS 
membrane. (B) Image captured 2 days after placing water droplets on the membrane. Mechanical 
strength of SS samples: (C) CNTS membrane broke when clamped with a silicone O-ring at the 
contact line. 
 
Wettability of the CNTH-750 membrane at the macro- and microscale was studied by using a 
goniometer and E-SEM (Figure 4-13). For macroscopic measurements, the goniometer 
measurement inside a class 100 cleanroom could not produce WCA values for CNTH-750. The 4 
µL water droplet did not adhere to the sample (Figure 4-13A). The hydrophobicity of the 
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developed CNTH-750 membrane was compared with that of a conventional CNT BP, and both 
materials showed similar hydrophobic properties as the water droplet was pinned and stretched 
during retraction of the pipette (Figure 4-13A). At a microscopic scale, however, it was possible 
to form water droplets by condensation. E-SEM images show the formation of spherical droplets 
on the CNTH-750 membrane, demonstrating the superhydrophobic property of this membrane 
(Figure 4-13B). Using Image J software [48], we measured the WCA of the droplets in the E-SEM 
image as 163°. 
 
Figure 4-13: (A) Goniometer results showing the non-sticking behavior of CNTH-750 and BP. 
Because the water droplet did not stick to the substrate, no water contact angle could be measured. 
(B) Water droplet condensation on CNTH observed by using E-SEM. Droplets coalesce and 
become bigger with time but do not spread on the surface. The time labels in the upper left corner 
of the images represent elapsed time after reaching 100% saturation pressure. 
 
4.3.3 Graphitic Nature 
 
The graphitic nature, defects, and CNT structure of CNTH membranes were investigated by 
using Raman spectroscopy and transmission electron microscopy (TEM). Figure 4-14A illustrates 
the Raman spectra obtained from CNTH membranes prepared at 600° C (CNTH-600) and 750° C 
(CNTH-750). The distinct peak at ~1600 cm−1 (G band) indicates that the form of carbon deposited 
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on the membranes is predominantly graphitic carbon [52]. The distinct shape of this peak also 
indicates minimal oxidation of the CNT [53]. Figure 4-14A reveals another peak around 1300 cm−1 
(D band). This band originates from a hybridized vibrational mode that is usually associated with 
graphene edges, and it reveals the presence of defects on the graphene structure. This defect can 
lead to the incorporation of functional groups at those sites. Functional group analysis on the 
surface of CNTH-750 materials was performed by XPS and is discussed later. A significant 2D or 
G′ peak (band at 2700 cm−1) was observed only when the growth took place at 750 °C. The 
intensity ratio between D and G (ID/IG) and 2D and G (I2D/IG) can indicate the density of functional 
groups on the surface [54]. The intensity ratios for our samples indicate the samples are not 
oxidized significantly (as in the case of HNO3 oxidation of CNT), but they are also not free of 
surface functional groups (as with samples annealed to 2500 °C)  [54].  
Figure 4-14B shows the TEM image of CNT from CNTH-750, in which a multiwalled CNT 
can be observed that has a structure similar to a commercial CNT, with a hollow inner core and 
multiwalled outer shell (Figure 4-15). The diameter of the CNT from CNTH-750 is between 25 
and 50 nm, based on the analysis of several data points (Figure 4-15), and the outside wall of the 
CNT in the CNTH-750 sample appears to be smooth and free of amorphous carbon deposition 
(Figure 4-14B and 4-15). 
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Figure 4-14: (A) Raman spectra of CNTH membranes prepared at different temperatures. (B) TEM 
image of CNT from CNTH prepared at 750 °C.  
 
 
Figure 4-15: Transmission electron microscopy images of (A) a commercial CNT (used for 
fabrication of the BP used in this work) and (B) the CNT grown on CNTH-750. 
 
4.3.4 Thermal Resistance and Surface Area 
 
To further characterize the developed CNTH-750 membrane, BP was also characterized as a 
baseline carbon membrane material for comparison. Thermogravimetric analysis and surface area 
measurements were used to compare the properties of our developed CNTH-750 membrane with 
the commercial CNT sample used to produce the BP material. The thermogravimetric analysis 
data of CNTH-750 were similar to those for the commercial CNT and showed that the sample was 
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stable in air up to 500° C (Figure 4-16A). Results also indicate a slight weight increase of the 
HAST substrate at 750 °C resulting from minor surface oxidation (Figure 4-16A). Oxidized metals 
during the oxidation pretreatment stage were reduced in the next reduction pretreatment stage to 
provide active sites for growth of CNT on the CNTH membrane.  
Brauner–Emmett–Teller surface area results for the tested CNT and CNTH-750 materials were 
also similar (98.9 m2/g for the CNT vs. 101.6 m2/g for CNTH-750; Figure 4-16B), as estimated 
from nitrogen isotherms at 77 K. Thus, the surface area analysis also showed similarity between 
the commercial CNT and the CNT grown on the CNTH-750. 
 
Figure 4-16: (A) Thermogravimetric analysis of commercial CNT (weight change shown on the 
left axis), and CNTH-750 and as-received HAST substrate (weight change shown on the right 
axis). (B) Nitrogen isotherms at 77 K used for the Brauner–Emmett–Teller surface area analysis. 
STP stands for standard temperature and pressure (CNTH-750 adsorption data are based on the 
weight of grown CNT on the CNTH-750 membrane). 
 
4.3.5 Surface Functionality 
 
Surface functionalities associated with the CNTH-750 surface were further investigated by 
XPS to shed more light on their contribution to surface wettability (Figure 4-17). According to the 
XPS scan of the CNTH-750, the amount of surface oxygen is only 1.28%, and the other element 
detected by XPS is carbon. This result appears quite similar to the XPS spectra of pristine multiwall 
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CNT reported in the literature [55]. The surface concentration of oxidized hydrophilic CNT can 
be as high as 15% to 20% [56]. Therefore, the detected oxygen content of the CNTH-750 sample 
(i.e., 1.28%) was low and was not expected to contribute substantially to surface hydrophilicity. 
Curve fitting of the C 1s high-resolution spectrum (Figure 4-17) revealed the presence of 
hydrophobic CH groups that might contribute to the overall hydrophobicity of the material. 
Therefore, in addition to the unique topographic structure, and the presence of CH-containing 
groups may contribute to its superhydrophobic behavior of the CNTH-750 membrane [45].  
 
Figure 4-17: XPS spectra of the CNTH-750 membrane: (A) survey scan, and (B) high-resolution 
spectrum with curve fitting. 
 
4.3.6 Interfacial Bonding and Resistance to Harsh Media 
 
Interfacial bonding and resistance to harsh environments for the CNTH-750 membrane were 
investigated to show its robustness and usefulness for practical applications (Figure 4-18). The 
ASTM adhesion test [47] was used to test both the CNTH-750 membrane and, as a reference, BP 
(Figure 4-18A). When adhesive tape was peeled from the CNTH-750 membrane surface, a uniform 
layer was removed. However, after this layer was peeled away, the CNTH-750 membrane was still 
covered with a black film (i.e., CNT) and no bare metal substrate was observed. In contrast, for 
BP, the sample was torn apart because of delamination of the CNT network. The CNTH-750 
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membrane also showed resistance to ultrasonication for 40 s at a frequency of 20 kHz and an input 
energy of 240 W/L in isopropyl alcohol (Figure 4-18A). The BP sample disintegrated when 
sonicated under the same conditions, whereas the CNTH-750 sample remained intact, with a small 
amount of CNT released in the isopropyl alcohol solvent (Figure 4-18A). For the developed 
CNTH-750 membrane, both the adhesive and sonication tests demonstrated the superior interfacial 
bonding of CNT with the substrate, stronger entanglement of the grown CNT network, or both. 
Furthermore, the CNTH-750 membrane showed a higher mechanical strength, compared with the 
BP membrane, during the membrane distillation tests (Figure 4-19).  
Figure 4-18B shows the corrosion resistance of CNTH-750 samples after exposure to 
concentrated (37%) HCl for 30 min and high-salinity water (a 70,000 mg/L NaCl solution) for 1 
day. After 1 day, CNTH-750 did not show any signs of corrosion, whereas CNTSS-750 corroded 
even with exposure to deionized water. Therefore, CNTH-750 showed excellent resistance to harsh 
media, which is important for challenging applications in water desalination, heat transfer, water 
harvesting [57], and other separation applications [58]. 
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Figure 4-18: (A) Comparison between CNTH-750 and BP of interfacial bonding by the adhesion 
and ultrasonication tests. CNTH-750 shows superior interfacial bonding compared with BP. (B) 
Comparison of corrosion resistance between CNTH-750 after exposure to concentrated HCl (37%) 
for 30 min and concentrated NaCl solution (70,000 mg/L) for 24 h, and CNTSS-750 after exposure 
to deionized water for 2 days. CNTH-750 is resistant to the concentrated acid and salt solution, 
whereas CNTSS-750 corrodes when exposed to deionized water. 
 
 
Figure 4-19: Comparison of the mechanical strength of CNTH-750 (A) with a commercial BP (B). 
Upon opening the membrane holder, the BP membrane was torn apart, whereas the CNTH-750 
membrane remained intact. The white discs on the left are the support filters used for packing the 
tested membranes. 
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4.3.7 Membrane Distillation Experiments  
 
Membrane distillation, a thermally driven separation process in which only vapor passes 
through the hydrophobic membrane pores, is an emerging technology for water desalination. The 
mass transfer of water vapor through the membrane is driven by the vapor pressure difference 
resulting mainly from the temperature difference across the two sides of the membrane (i.e., feed 
and permeate sides). Direct-contact membrane distillation (DCMD) is a configuration in which 
liquids are in direct contact with both sides of the membrane. Figure 4-20 is a schematic diagram 
of the bench-scale DCMD experimental setup used in this investigation. The membrane holder 
illustrated in Figure 4-20 is designed for testing 1 in. diameter membranes and consists of two SS 
compartments. The top and bottom compartments are separated by the tested membrane. Each 1 
in. diameter membrane has an effective area of 2.8 cm2 and is sealed in the membrane holder by 
using proper O-rings. Feed and permeate solutions are circulated at a fixed cross-flow rate of 100 
mL/min by using Masterflex peristaltic pumps (Cole Parmer, Vernon Hills, IL). The feed solution 
contains 10,000 ppm of NaCl at 80 ± 2 °C, whereas the permeate solution is a premeasured amount 
of deionized water at ≈5 ± 1 °C. Salt concentration was measured by a Thermo Scientific Orion 
STAR A322 conductivity meter (Thermo Scientific, Waltham, MA) equipped with a Thermo 
Scientific Orion conductivity cell. To promote mixing of the solutions and prevent concentration 
and heat polarization, stainless steel membrane spacers were used in the feed and permeate solution 
channels.  
Water flux was measured by recording the weight of the permeate solution with an electronic 
balance. The reported flux values were averaged over the entire duration of the experiments (45 
min). The water flux, Jw (kg/m2⋅h) through the membrane was calculated by 
𝐽𝐽𝑤𝑤 = 𝛥𝛥𝛥𝛥𝐴𝐴⋅∆𝑡𝑡   (4-1) 
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where ∆M refers to the change in mass of the feed solution (or permeate solution) with time (∆t), 
and A is the effective area of the membrane. The NaCl rejection fraction (R) was calculated by 
𝑅𝑅 = 1 − ∆𝐶𝐶⋅𝐷𝐷𝑓𝑓
𝐶𝐶𝑡𝑡
   (4-2) 
where ΔC refers to the change in salt concentration (or conductivity) of the permeate solution, Df 
is the dilution factor in the permeate side, and Ct is the final salt concentration of the feed.  
Direct-contact membrane distillation experiments were conducted in duplicate or triplicate to 
ensure the reproducibility of the results. Each membrane was tested two times to investigate its 
stability and robustness. The first tests were conducted with a fresh membrane. These membranes 
were rinsed with deionized water to remove any existing salt before they were retested for DCMD 
under the same conditions. 
 
Figure 4-20: Schematic diagram of the experimental setup used for the DCMD experiments. 
 
The selected developed membranes, BP, and TF-200 were tested by using the above mentioned 
direct contact membrane distillation system. Selected polymeric (TF-200, a Teflon material) and 
carbon (BP) membranes that have been used by other researchers for the DCMD [15,30] were 
tested for comparison.  
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First, membranes were characterized by the ASTM standard bubble point test [46] to 
qualitatively evaluate and compare their pore openings. The CNTH-750 membrane had the 
smallest bubble point pressure (12.5 ± 0.15 psi), followed by BP (14.23 ± 0.15 psi) and TF-200 
(16.43 ± 0.15 psi), indicating an order of CNTH-750 > BP > TF-200 in pore size opening. These 
membranes also had different thicknesses: 70, 110, and 340 µm for BP, TF-200, and CNTH-750, 
respectively. Larger pores contributed to higher water vapor flux values, whereas water flux was 
inversely proportional to the membrane thickness or diffusion length based on Fick’s law of 
diffusion.  
The performance of the developed CNTH-750 membrane for desalination of a 10,000 mg/L 
NaCl solution by DCMD was evaluated and compared with the performance of TF-200 and BP 
membranes under the same conditions (Figure 4-21). All tested membranes exhibited more than 
97% salt rejection, but their flux performances were different. Figure 4-21 illustrates the water 
flux values through different new (used for the first time) and used (used for the second time) 
membranes with time. The TF-200 membrane showed consistently higher performance compared 
with the CNTH-750 and BP membranes during the first test (Figure 4-21). Nevertheless, additional 
tests of the used TF-200 membrane resulted in a reduction of the water vapor flux, whereas 
performance of the CNTH-750 and BP membranes remained the same. These tests highlight the 
sensitivity of the TF-200 polymeric membrane to the elevated temperature, compared with the 
more stable performance of both tested carbon membranes.  
Unlike polymeric membranes, the developed CNTH-750 membrane showed consistent 
performance during two testing cycles (Figure 4-21), and could tolerate higher temperature 
conditions. The CNTH-750 membrane is a promising material for application in high-temperature 
membrane distillation, leading to a significant enhancement of water flux. Singh and Sirkar [59] 
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have shown that the permeate flux of a DCMD system can be tripled if the feed temperature is 
increased from the conventional membrane distillation temperature of 70 °C to 130 °C. Work is in 
progress to investigate an expected order-of-magnitude water flux increase by conducting 
membrane distillation experiments with CNTH-750 membranes at temperatures up to 500 °C.  
The developed CNTH-750 membrane is expected to have the antifouling and antibacterial 
[26,27,60] characteristics of CNT materials while having the unique properties of mechanical 
robustness and flexibility, compared with conventional BP membranes. An important advantage 
of the CNTH-750 membranes is their high interfacial bonding to the solid network of support 
material and their resistance to delamination, as discussed and demonstrated earlier (Figure 
4-18A). For the DCMD tests, we have observed that after completing the desalination tests and 
upon opening the membrane holder, the BP samples are torn apart, whereas the CNTH-750 
membrane remains intact (Figure 4-19). 
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Figure 4-21: Performance of the developed CNTH-750 membrane for water desalination by 
DCMD in comparison with conventional polymeric (TF-200) and carbon (BP) membranes: (A) 
Permeate water flux, and (C) normalized permeate water flux (normalized to the thickness of the 
TF-200 membrane). 
 
 As previously discussed, CNTH-750 membranes are resistant to air oxidation up to 500 °C 
and can tolerate a harsh concentrated acid treatment. These unique properties can be used to 
regenerate membranes that are fouled with organic or inorganic contaminants after extensive use. 
Organic foulants (e.g., natural organic matter or oil and grease) can easily be burned off by heating 
the membranes in air, whereas inorganic foulants (e.g., precipitated calcium and magnesium 
scales) can be washed away by immersing the membranes in an acid bath. This research may lead 
to the development of a new generation of regenerable and reusable membranes. 
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4.4 Conclusions 
 
New types of CNT membranes, grown on various substrates, have been prepared by using a 
systematic approach. Robust CNT membranes have been developed with a CVD method by direct 
growth of CNT on a Hastelloy-C alloy with micrometer-sized openings. The CNT membranes 
grown on HAST at 750 °C (CNTH-750) by CVD using a gas mixture of C2H2, C6H6, H2, H2O, 
and Ar, after an initial oxidation-reduction pretreatment, have the most desirable properties among 
all the prepared membranes. The developed CNTH-750 membranes have pore openings of 50 to 
500 nm and are superhydrophobic, flexible, resistant to air oxidation up to 500 °C, and resistant to 
concentrated acid and salt solutions. Unlike conventional CNT bucky paper, the developed CNTH-
750 membranes are resistant to delamination and have demonstrated a high interfacial bonding of 
the grown CNT with the alloy substrate, as confirmed by adhesion and ultrasonication tests. Tests 
of water desalination by membrane distillation reveal that CNTH-750 has a high (>97%) salt 
rejection performance, similar to the baseline polymeric (TF-200) or carbon BP membrane, and 
superior performance during multicycle tests. These robust carbon membranes are reusable and 
expected to be less susceptible to fouling because of their superhydrophobic properties. 
Furthermore, if fouled by organic or inorganic species, they can potentially be regenerated by 
heating in air or washing in acid. The developed CNT membranes may have other uses in various 
separation, heat transfer, energy harvesting, and sensing applications. They demonstrate great 
promise for separation applications, particularly under high-temperature conditions and in 
corrosive environments. 
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Chapter 5  
 
Graphitic Carbon Membranes for High 
Temperature and Pressure Membrane 
Distillation 
 
 
5.1 Graphitic Carbon Membranes 
 
Graphitic carbon membranes hold great promise for separation, including membrane 
distillation (MD), due to their potential low cost production, and stability at high temperature and 
harsh chemical conditions [1–5].   
In Chapter 4, one variety of graphitic membranes, carbon nanotube membrane, was presented. 
In this chapter, other varieties of graphitic carbon membranes- namely, graphite and graphene 
membrane- will be discussed. Furthermore, potential application of graphitic membranes in high 
temperature and pressure MD process including an integrated supercritical (SC) power generation 
and water desalination system will be explored. 
5.1.1 Graphite Membrane 
 
Graphite membranes were prepared by cutting a porous graphite bar (HPG-83, Toyo Tanso, 
OR) with an electrical discharge machine (EDM). Rectangular graphite slabs cut from the porous 
graphite bar were 500 µm thick. After obtaining the thin rectangular pieces of graphite from the 
bar, discs (25 mm in diameter) were cut by using another EDM machine with a thinner brass wire.  
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Pore enlargement of graphite membranes by steam treatment – Machined porous graphite 
membranes are hydrophobic, but have a very low permeability compared to polymeric membranes. 
Graphite membrane’s permeability was increased by a controlled pore-enlargement procedure to 
etch the pore walls with high temperature steam. The reaction needs to take place at higher 
temperature (≥800 °C) as at lower temperature, a longer treatment time is required due to slower 
kinetics. Steam at around 800 °C reacts with graphite, etching carbon while producing CO2 and 
H2 [6–8]. 
A steam treatment system was designed to enlarge the graphite pores by steam gasification. A 
custom-made quartz tube reactor (26 mm in diameter and 120 cm in length) with a quartz frit 
placed at its midsection, was used to treat the porous graphite disc samples of 25 mm in diameter 
(Figure 5-1A). The quartz tube reactor was then heated to 800-950 °C using a tubular furnace. 
Nitrogen was then bubbled through water at 70 °C or 90 °C and allowed to flow into the quartz 
tube for 1-13.5 h for steam to react with the graphite disc. For all tests, the samples and reactor 
tube were cooled with flowing dry nitrogen.  
After the steam treatment, graphite membranes became hydrophilic. An effective treatment to 
increase hydrophobicity was exposing the steam-treated sample to anoxic low density supercritical 
water (LDSCW) for 30 min (Figure 5-2). This resulted in decomposition of hydrophilic oxygen-
containing groups from the porous graphite surface, whereas the hydrophobic functional groups 
remained intact (Figure 5-2). The porous graphite membrane became hydrophobic after this 
treatment. No measureable change in surface roughness (measured by a KLA Alphastep IQ 
profilometer, KLA Tencor, CA) was observed and the Brauner–Emmett–Teller (BET) surface area 
(< 0.1 m2/g, estimated from nitrogen adsorption isotherm at 77 K, measured by Gemini Instrument, 
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Micromeritics, GA) was similar to the sample before LDSCW exposure. Details of the experiment 
and analysis can be found in our earlier work [9].  
 
Figure 5-1: Schematic diagrams for the experimental setup for pore enlargement of porous graphite 
membrane by steam gasification (A), and a setup for comparison of pore opening by nitrogen 
permeation of porous graphite membranes exposed to steam gasification for different periods of 
time (B). 
 
Effect of steam treatment was investigated using nitrogen permeation test (Figure 5-1B). The 
results of the nitrogen permeation test of porous graphite discs exposed to different duration of 
steam treatment is shown in Table 5-1. Steam treatment was successful in opening up the pores of 
the graphite membrane, and thereby increase the gas permeability through the membrane up to 6 
times. 
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Figure 5-2: A. schematic diagram of the experimental setup to expose porous graphite sample to 
LDSCW. C1s High resolution X-ray photoelectron spectroscopy (XPS) spectrum of porous 
graphite before (B) and after exposure to anoxic LDSCW (C). 
 
Optical image of porous graphite membrane, and scanning electron microscope (SEM) 
(Hitachi, IL) image of its inhomogeneous pore structure is shown in Figure 5-3. Due to resistance 
to harsh chemical and thermal conditions, high liquid entry pressure (LEP) (due to small pore size), 
and ease of manufacturing, graphite membrane is a promising candidate for high temperature and 
pressure MD. High temperature and pressure MD is discussed in section 5.3. 
 
136 
 
Table 5-1:  Nitrogen gas permeation through porous graphite membrane exposed to steam 
treatment of different duration. 
Sample Temperature 
(°C) 
Treatment 
time (hr) 
Nitrogen flow rate through 
membrane (ml/min) 
1 (original sample)  - 19 
2 900 2 25 
3 900 3 25 
4 900 10 60 
5 900 13.5 120 
4 950 20 Membrane disintegrates 
 
 
 
 
Figure 5-3: A. Optical image of porous graphite membrane with a water droplet on the surface. B. 
SEM image of the same membrane showing inhomogeneous pore structure. 
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5.1.2 Graphene Membrane 
 
In the literature, very few studies of graphene membrane for desalination application could be 
found [10–13]. The challenges related to defect-free large-area graphene membrane fabrication, 
and possible ways to overcome those challenges are described below. 
Single layer graphene is one atom thick sheet of sp2 bonded carbon atoms. It has shown 
exceptional mechanical, electrical, and chemical properties [2,14]. The growth of large-area 
graphene on metal catalyst by chemical vapor deposition (CVD) [15] has opened the possibility of 
using graphene for many applications. Yet the challenges related to transferring graphene to 
substrate of interest leads to degradation of graphene film [16,17]. Graphene membrane 
preparation from continuous graphene sheet has the additional challenge of making suitable pores 
by complicated micro- and nanofabrication techniques [10,11]. We have adopted a different 
strategy by starting with a porous metal catalyst or porous high temperature resistant quartz 
support, followed by growth of graphene by CVD. We used two different types of substrate 
materials for graphene membrane preparation, metal-based and quartz-based. 
Metal mesh 
 
Nickel is a catalyst material frequently used for multilayer graphene growth [18]. We have 
used 1 inch diameter nickel wire mesh with 10 µm nominal openings from Unique Wire Weaving 
Co., Inc. (NJ). The CVD recipe followed for graphene growth is shown in Figure 5-4. 
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Figure 5-4: Recipe for multilayer graphene growth on a nickel mesh. The recipe is a modified 
version from the recipe used by Chen et al. [18]. 
 
CVD of graphene on nickel wire mesh resulted in uniform coating of graphene on nickel wires 
(Figure 5-5). The sample became less hydrophobic than original nickel wire mesh, but was able to 
hold water column (a column of water in a glass tube attached to the membrane holder) from 
passing through the mesh (Figure 5-5 a and b). High magnification SEM images show the presence 
of kinks and folds, cracks and pyrolytic carbon contaminations (brighter areas due to electrical 
charging) (Figure 5-5 c and d). Raman spectra (Renishaw, UK) after Lorentzian peak fitting shows 
the ratio of intensity of 2D (I(2D)) (~2600 cm-1) to G (I(G)) (~1600 cm-1) peaks is less than 1, and 
D peak (~1300 cm-1) intensity is negligible, indicating the graphene on nickel wires is multilayer 
and has minimal defect (Figure 5-6) [19]. 
This multilayer graphene coated nickel wire mesh membrane was tested with direct contact 
MD (DCMD) setup (details of the setup is discussed in Chapter 4). After the 45 min test, salt 
rejection was 0% and membrane was completely wetted. The tested membrane was characterized 
by Raman spectroscopy and SEM to investigate the reason for loss of hydrophobicity. Raman 
spectrum shows emergence of defects during the distillation test as the intensity of D peak is 
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significant (Figure 5-6). The membrane was also deformed and showed inhomogeneity in 
appearance after the test (Figure 5-7). In addition, delamination of graphene layers can be observed 
from the SEM images (Figure 5-7b and c). 
  
Figure 5-5: a. Water droplets on nickel wire mesh. b. Water droplets on graphene coated nickel 
wire mesh. c. SEM image of graphene coated nickel wires. d. kinks or folds can be observed on 
the graphene coating at higher magnification resulting from different thermal expansion coefficient 
of nickel and graphene. 
 
 
Figure 5-6: Raman spectra of graphene coated nickel wire mesh membrane before and after DCMD 
test. 
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Figure 5-7: a. 25 mm graphene coated nickel wire mesh membrane after DCMD test shows 
depression in the middle portion not covered by O-rings. b. SEM image of the same membrane 
showing delamination of graphene layers (dark areas), exposing the underlying nickel wire 
(brighter area). c. Higher magnification SEM image of the membrane show darker graphene area, 
and exposed nickel wire surface after graphene delamination. 
 
To improve the stability of multilayer graphene on nickel wires, growth time was increased 
from 5 min to 20 min, and the sample was cooled slowly from 1000 °C to room temperature by 
using ceramic wool-based thermal insulator to cover the furnace during cooling (cooling time 
increased from 1 hr to 6 hr). The graphene on nickel wire mesh sample obtained using this 
approach is shown in Figure 5-8. For this membrane, the kinks and folds are less compared to the 
membrane shown in Figure 5-7. However, more cracks and voids are noticeable (Figure 5-8). 
Shape of water droplets on the sample appeared similar to the sample shown in Figure 5-7 (Figure 
5-9a). However, Raman spectrum for this sample shows significant defect peak at 1300 cm-1 
(Figure 5-9b) compared to the sample shown in Figure 5-6. During desalination experiment, this 
membrane did not show any salt rejection similar to the previous membrane. Delamination of 
graphene from growth substrate during DCMD is most likely the cause leading to failure of these 
membranes. 
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Figure 5-8: SEM images of the graphene coated nickel wire mesh membrane with 20 min of growth 
time and slower cooling. 
 
 
Figure 5-9: a. Photograph of water droplets on graphene coated nickel wire mesh membrane with 
20 min of growth time and slower cooling. b. Raman spectrum of the same membrane.  
 
In addition, graphene growth was attempted on an electroformed copper mesh (1500 lines per 
inch (LPI) and 11 µm pore size (Structure Probe Inc., PA)) using single layer graphene growth 
recipe developed in our laboratory [20]. Even though the membrane was hydrophobic (Figure 
5-10a), and single layer graphene growth could be achieved on copper mesh (Figure 5-10b), the 
membrane was fragile, and due to defects in single layer graphene, underlying copper substrate is 
likely to corrode when exposed to saline water. 
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Figure 5-10: a. Photograph of water droplets on graphene coated electroformed copper mesh. b. 
Raman spectrum of the same membrane.  
 
Quartz frit and fiber 
Graphene growth has been reported for glass substrates that can withstand high temperatures 
(1000 °C) [21]. Using the same approach, we have been able to grow multilayer graphene on quartz 
frit (2 mm thickness, 25 mm diameter, and 1 µm nominal pore size, ADAMS & CHITTENDEN 
technical glass, Germany) and quartz fiber mesh (432 nm pore size and 1 inch diameter, SKC Inc., 
PA). The recipe for the growth process has been shown in Figure 5-11. For quartz frit, the graphene 
growth time was 4 hr with faster cooling (~1 hr to cool down from 1000 °C to room temperature). 
During the growth period, quartz frit composed of small grains of quartz were coated uniformly 
by graphene as confirmed by SEM images (Figure 5-12a and b). Quality of graphene coating was 
evaluated with Raman spectroscopy (Figure 5-12c). Multilayer graphene (I(2D)/I(G)<1) with 
significant defects can be confirmed by the prominent 2D (~2700 cm-1) and G (~1600 cm-1) peaks, 
and intensity of D (~1300 cm-1) peak. Porosity of the quartz frit substrate was non-uniform, with 
pores of diameter larger than 1 µm (Figure 5-12b). This was the reason why the graphene coated 
quartz frit membrane was superhydrophilic, and allowed water to pass through directly.   
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Figure 5-11: Recipe for multilayer graphene growth on quartz substrate. The recipe is a modified 
version from the recipe used by Sun et al. [21]. 
 
 
Figure 5-12: a. SEM image of graphene coated quartz frit having small quartz grains bonded 
together to form different size openings. b. Higher magnification image of the graphene coated 
quartz frit. c. Raman spectrum of graphene coating on quartz frit. 
 
For quartz fiber mesh, a longer growth time (~5 hr) and longer cooling time (~6 hr) were 
implemented to obtain thicker and uniform graphene coating. The graphene coated quartz fiber 
membrane obtained in this manner was superhydrophobic (Figure 5-13a). A mixture of graphene 
coating and pyrolytic carbon can be observed from the SEM images (Figure 5-13b, c, and d). This 
graphene coated quartz fiber membrane was able to hold water column for 30 min. Therefore, this 
membrane was tested with DCMD setup (with a slower feed water recirculation rate compared to 
graphene coated nickel membranes) to evaluate its desalination performance. After the test, the 
membrane was found to be torn at one side along with some non-uniformity in the middle (voids) 
(Figure 5-14a). The torn area was under the O ring, and therefore the chance of leakage from that 
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area was minimal. The graphene quality of the membrane was investigated after the DCMD test 
by Raman spectroscopy (Figure 5-14b). The spectrum shows that graphene coating was composed 
of multilayer graphene structure with significant defects. The 45 min DCMD test resulted in an 
average flux of 11 L/m2h (LMH) for 70 °C temperature differential across the membrane with 83% 
rejection rate, and for a 10000 ppm NaCl feed solution. This result is promising, indicating that 
graphene membranes can be used for MD with proper experimental conditions.  
 
Figure 5-13: a. Superhydrophobic graphene coated quartz fiber membrane. SEM image of 
graphene coated quartz fiber membrane at low (b) and high (c, d) magnification. 
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Figure 5-14: a. Graphene coated quartz fiber membrane after DCMD test showing tearing and 
some voids after the test. b. Raman spectrum graphene coated quartz fiber membrane after the 
DCMD test. c. Permeate flux with time during the test. 
 
Graphene is bonded to nickel with a stronger adhesion energy than copper, which in turn has 
stronger interaction with graphene than SiO2 or quartz [22,23]. Therefore, ideally graphene on 
nickel wire mesh should be a better option for MD. However, as the graphene coating on nickel 
wires are not uniform, and there are cracks in the graphene coating, delamination and metal 
corrosion is likely to happen with time [24]. However, pretreatment of the metal catalyst substrate 
to ensure defect-free graphene growth, proper experimental conditions (to reduce chance of 
delamination) can ensure success of graphene membranes for MD. 
 
5.2 Pyrolytic Carbon-Coated Membrane 
 
In addition to graphitic membranes, another carbon membrane, namely pyrolytic carbon (PC) 
membrane was investigated. PC has turbostratic structure, and has covalent bonding between the 
graphene sheets (i.e. basal planes) formed during the fabrication process [25]. Due to presence of 
covalent bonding, they have high bond strength between basal planes, leading to good frictional 
and wear resistance properties [25]. Due to their excellent mechanical properties, primary 
application area for PC is in the biomedical field [25,26], but PC has been used for filtration as 
well [27].  
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In the temperature range of 800-1000 ͦ C, PC can be deposited by methane pyrolysis [27,28]. 
The recipe for PC growth is shown in Figure 5-15. Different heat resistant (up to 1000 °C) porous 
substrates were used for PC deposition. They are listed below (some substrates have already been 
specified in previous sections): 
 Metals-nickel foam, stainless steel (SS) disc, Hastelloy C disc. 
 Carbon materials- graphite, proprietary activated carbon cloth (Japan), propriety 
carbon nanofiber (CNF) mat (Applied Sciences, Inc., CA), propriety porous graphite 
(POCO graphite, TX). 
 Ceramic and quartz- quartz fiber mesh, quartz frit, porous ceramic disc (pure white, 1 
bar air entry, 2.5 µm pore size, Amazon, WA). 
 
Figure 5-15: Recipe for PC coating. The recipe is a modified version from the recipe used by Li et 
al. [27]. 
 
Depending on the time of coating (e.g. up to 7 hr for Hastelloy C mesh), all substrates 
eventually became highly hydrophobic (e.g., PC coated quartz fiber mesh and Hastelloy C in 
Figure 5-16A-B). SEM images of carbon-coated CNF membranes showed deposition of carbon 
particles around carbon nanofibers, and pore openings ranging from 700 nm to 1000 nm (Figure 
5-16C). Pore sizes are similar to pore openings of commercial membranes used for MD. Raman 
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spectroscopy of PC coating on different substrate showed similar spectrum as graphitic carbon 
(Figure 5-6) with slightly broader D,G, and 2D peak, and the intensity of D and G peak is 
significantly higher than 2D peak (~10 times higher) (Figure 5-16D). Due to ease of 
manufacturing, thermal resistance and superhydrophobicity, these membranes have the potential 
to be used with high temperature and pressure MD, as shown in section 5.4. 
 
Figure 5-16: PC coated quartz fiber mesh (A) and Hastelloy C (B). (C) SEM image of PC coated 
CNF membrane. (D) Raman spectrum of PC coating. 
 
5.3 Benefits of High Temperature and Pressure Membrane Distillation 
 
MD combines the use of both thermal distillation and membrane separation and differs from 
other membrane technologies in that the driving force for desalination is the transmembrane vapor 
pressure difference, rather than total pressure. The process is a temperature driven membrane 
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operation, which allows obtaining fresh water from brackish or seawater [30]. Compared to other 
conventional thermal distillation systems (e.g, multi stage flash), MD requires smaller area, and 
therefore can be more economical [29].  
There are four types of membrane distillation configurations. They are briefly described as 
follows: 
1. DCMD (Direct Contact Membrane Distillation) - Membrane is in contact with liquid on 
both sides and water in the form of vapor flows through the membrane pores due to 
transmembrane vapor pressure difference induced by temperature difference. 
2. VMD (Vacuum Membrane Distillation) - Hot feed solution comes in contact with one 
side of the membrane and the pressure on the other side is lowered with the help of a 
vacuum pump. So, water vapor flows through the membrane pores due to transmembrane 
vapor pressure difference. 
3. AGMD (Air Gap Membrane distillation) - Similar to VMD, but stagnant air exists in 
place of vacuum on the permeate side. 
4. SGMD (Sweeping Gas Membrane Distillation) - Similar to VMD, but sweeping gas 
carries away the permeate vapor outside the membrane module. 
Pharmaceuticals, food industry, and purification of hyper saline solutions are application areas 
where MD is currently used [31–33]. In addition, MD is a promising technology when using waste 
heat from industrial sources or renewable energy [31–33]. However, MD is not a dominant 
technology in desalination arena due to low permeate water flux. One way to overcome this issue 
is to operate MD with high temperature compressed feed solution to achieve higher driving force 
in the form of higher vapor pressure differential. Only a few researchers have looked into this 
promising high temperature and pressure MD technology [34,35]. Next, the benefit of high 
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temperature and pressure MD will be demonstrated from a theoretical point of view, and the 
potential of this technology will be shown for an integrated supercritical water (SCW) salt 
precipitation-MD system. 
5.3.1 Exergy and Flux 
 
To analyze the usefulness of high temperature MD from theoretical point of view, a simple 
exergy analysis is presented for DCMD configuration. Contrary to energy, exergy analysis 
indicates the ‘useful energy’ by considering loss in the system due to entropy generation. 
For a steady flow process, exergy balance equation can be written as, 
∑�1 − 𝐾𝐾0
𝐾𝐾
�𝑄𝑄 − ?̇?𝑊 + ∑𝑎𝑎𝚤𝚤𝚤𝚤̇ 𝜓𝜓𝚤𝚤𝚤𝚤̇ −∑𝑎𝑎𝑜𝑜𝑜𝑜𝑡𝑡̇ 𝜓𝜓𝑜𝑜𝑜𝑜𝑡𝑡̇ − 𝐸𝐸𝐸𝐸𝑑𝑑𝑒𝑒𝑠𝑠𝑡𝑡𝑑𝑑𝑜𝑜𝑦𝑦𝑒𝑒𝑑𝑑 = 𝛥𝛥𝐸𝐸𝐸𝐸             (5-1) 
where ‘Q’ represents rate of heat supplied to the system, ‘?̇?𝑊’ represents work input per unit 
time,’ ?̇?𝑎’ represents mass flow rate, ‘𝜓𝜓’ represents exergy of a flow stream, and ‘Ex’ stands for 
exergy.     
Consider the simple control volumes (CV) representing the membrane module of DCMD in 
Figure 5-17. In this CV, both feed and permeate flows in and out of the CV similar to DCMD. 
Other system components like pumps, heaters, condensers are not considered in the analysis. 
            
Figure 5-17: Schematic diagram showing feed and permeate chamber with membrane in between 
and a CV delineated by a black dotted line.  
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Assumptions for this analysis are as follows, 
• There is no heat or work transfer to or from the system.  
• There is negligible change is kinetic and potential energy.  
• 50% of the feed solution will permeate to the other side of the membrane steadily 
leaving behind a concentrated saline solution.  
• Concentration and thermophysical properties of salt does not change. 
After considering all the assumptions for the idealistic system, Equation (5-2) contains the 
exergy terms related to feed and permeate streams only, 
∑𝑎𝑎𝚤𝚤𝚤𝚤̇ �ℎ𝑖𝑖𝚤𝚤 − ℎ0 − 𝑇𝑇0(𝑐𝑐𝑖𝑖𝚤𝚤 − 𝑐𝑐0)� − ∑𝑎𝑎𝑜𝑜𝑜𝑜𝑡𝑡̇ �ℎ𝑜𝑜𝑜𝑜𝑡𝑡 − ℎ0 − 𝑇𝑇0(𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡 − 𝑐𝑐0)� = ∆𝐸𝐸𝐸𝐸  (5-2) 
 
where h represents specific enthalpy, s represents specific entropy, and T represents temperature. 
Subscript “in” represents incoming feed and permeate streams, “out” represents outgoing feed and 
permeate streams, and “0” represents reference state, which represents incoming feed solution at 
22°C and atmospheric pressure. 
This analysis is similar to what Banat et al. has presented [36]: 
ℎ𝑖𝑖𝚤𝚤 = 𝑤𝑤𝑠𝑠 �ℎ𝑠𝑠𝑜𝑜 + 𝐶𝐶𝑝𝑝𝑠𝑠(𝑇𝑇 − 𝑇𝑇0)� + 𝑤𝑤𝑤𝑤ℎ𝑤𝑤            (5-3) 
       𝑐𝑐𝑖𝑖𝚤𝚤 = 𝑤𝑤𝑠𝑠 �𝑐𝑐𝑠𝑠𝑜𝑜 + 𝐶𝐶𝑝𝑝𝑠𝑠𝑖𝑖𝑎𝑎 𝐾𝐾𝐾𝐾0� + 𝑤𝑤𝑤𝑤𝑐𝑐𝑤𝑤 − 𝑅𝑅𝑤𝑤(𝐸𝐸𝑠𝑠𝑖𝑖𝑎𝑎𝐸𝐸𝑠𝑠 + 𝐸𝐸𝑤𝑤𝑖𝑖𝑎𝑎𝐸𝐸𝑤𝑤)                   (5-4) 
 
where, T is feed or permeate solution temperature, Cp represents specific heat at constant pressure, 
w stands for weight fraction, x stands for mole fraction, subscript “s” stands for salt, and subscript 
“w” stands for liquid water.  
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To calculate exergy change for various temperatures of the feed solution, following parameters 
were used. A 50 °C temperature difference was maintained between incoming feed and permeate 
streams. Feed outlet temperature was considered to be the same as inlet (no heat loss), whereas 
permeate outlet temperature was obtained by considering the mixing of pure vapor at feed 
temperature through the membrane to the incoming permeate stream. Mass flow rate of 1 kg/min 
was considered for both incoming feed and permeate streams. Salinity of the incoming feed 
solution was considered as 3000 parts per million (ppm) of NaCl. All thermophysical properties 
were used from NIST chemistry webBook [37]. 
The following Table 5-2 shows the results of calculated exergy change (i.e. useful energy) for 
various temperatures of feed solution. 
Table 5-2: Change in exergy vs feed solution temperature for dead end MD configuration. 
Incoming feed 
temperature (°C) 
Incoming permeate 
temperature (°C) 
Outgoing permeate 
temperature (°C) 
ΔEx (KW) 
80 30 40 0.05 
200 150 160 0.06 
250 200 215 0 
300 250 270 -0.24 
 
The plus sign of the exergy change signifies useful energy consumed by the system, whereas 
minus sign signifies useful energy can be delivered by the permeate stream. From the table, it can 
be seen, with the increase in feed temperature, the amount of energy required for the operation of 
MD remains the same up to 200 °C. However, at feed temperature of 250 °C, the change in exergy 
becomes zero, indicating that the energy required by the system is balanced by deliverable energy 
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by the permeate stream. Moreover, at 300 °C, permeate stream can deliver more useful energy 
than the MD operation consumes. Therefore, if membrane distillation is performed at temperature 
higher than 250 °C, the extracted permeate could be used to do useful work per unit time before 
condensing to pure liquid water at room temperature. In addition, free heat energy from renewable 
or waste heat sources and integration to other system supplying excess heat, can make the high 
temperature and pressure MD even more attractive choice.  
Furthermore, high temperature and pressure MD also has the advantage of higher permeate 
flux (production of pure water in less time), which is discussed below. Due to hydrophobicity of 
the membrane in MD, as long as a pressure differential exists, a liquid-vapor interface will also 
exist at pore entries. Evaporation of liquid mixture takes place at these liquid-vapor interfaces 
according to local vapor-liquid equilibrium and are transported through the pore space due to the 
presence of a pressure gradient between two sides of the membrane. After that, the pure vapor gets 
condensed on the permeate side.  
The water vapor flux N in DCMD can be expressed by Equation (5-5) in the following way, 
𝑁𝑁 = 𝐶𝐶 �𝑃𝑃𝐹𝐹 − 𝑃𝑃𝑝𝑝�         (5-5) 
where P is the vapor pressure of water, ‘C’ is a coefficient, and subscript ‘F’ and ‘P’ represent feed 
and permeate, respectively. Coefficient ‘C’ is related to resistance to vapor diffusion through the 
membrane [38]. Resistance posed by membrane structure can be described by Knudsen and/or 
Poiseulli diffusion model (depending on the mean free path). And the resistance imposed by 
stagnant air in the membrane pore can be represented by molecular diffusion model. ‘C’ can be 
expressed in the following way if only Knudsen diffusion mechanism is considered [38], 
𝐶𝐶 = 1.064 𝑑𝑑𝑟𝑟
𝜏𝜏𝜏𝜏
�
𝛥𝛥
𝑅𝑅𝐾𝐾
�
0.5     (5-6) 
When considering molecular-diffusion mechanism [38], 
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𝐶𝐶 = 1
𝑦𝑦
𝐷𝐷𝑟𝑟
𝜏𝜏𝜏𝜏
�
𝛥𝛥
𝑅𝑅𝐾𝐾
�                  (5-7) 
And when considering Poiseulli-diffusion mechanism [38], 
𝐶𝐶 = 0.125 𝑑𝑑2𝑟𝑟
𝜏𝜏𝜏𝜏
�
𝛥𝛥𝑀𝑀
𝜂𝜂𝑅𝑅𝐾𝐾
�                (5-8) 
where, 𝜀𝜀 is membrane porosity, 𝜂𝜂 is viscosity of the vapor-air mixture, 𝜏𝜏 is the membrane 
tortuosity, 𝛿𝛿 is the membrane thickness, r is the radius of the membrane pore, T is the temperature 
of the membrane, P is the vapor pressure of water in the membrane pore, D is the diffusion 
coefficient of water vapor in air, R is the universal gas constant, M is the molecular weight of 
water, and y is the mole fraction of air in the membrane pore (log mean). 
Kelvin equation shows the effect of curvature of liquid vapor interface on the vapor pressure 
in the following way: 
𝑦𝑦𝑐𝑐𝑜𝑜𝚤𝚤𝑙𝑙𝑒𝑒𝑐𝑐
∗ = 𝑦𝑦∗𝑎𝑎[ 2𝛾𝛾𝑙𝑙𝑟𝑟𝜌𝜌𝑚𝑚𝑅𝑅𝑅𝑅]  (5-9) 
where γl (subscript ‘l’ represent liquid) is the liquid surface tension (dependent on temperature and 
salt concentration), ρm is the liquid molar density, and r is the radius of curvature of water meniscus 
at the pore entrance. 
Liquid entry pressure can be expressed as [39,40], 
𝐿𝐿𝐸𝐸𝑃𝑃 = 𝐵𝐵𝛾𝛾𝑙𝑙 𝑐𝑐𝑜𝑜𝑠𝑠 𝜃𝜃
𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
               (5-10) 
where B is a geometric factor (for cylindrical pores this value is 1), 𝜃𝜃 is the water contact angle 
with the membrane, and 𝑓𝑓𝑚𝑚𝑚𝑚𝑐𝑐is the largest pore size. 
From Equations (5-5) to (5-10), membrane flux is dependent on pore structure, hydrophobicity 
(water contact angle) and temperature of feed and permeate solution. Even though some of the 
parameters like coefficient “C” and multiplier (dependent on 𝛾𝛾𝑙𝑙 and T) in Equation (5-9) will 
decrease with an increase in feed temperature, flux would increase overall as exponential increase 
in vapor pressure with temperature would outweigh decrease of other factors [39]. 
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5.3.2 Integrated Supercritical Salt Precipitation and Membrane Distillation 
System 
 
Different sources of heat (e.g., renewable and waste) can be used to run the membrane 
distillation at higher temperature. According to a report on waste heat recovery [41], 20-50% of 
energy used in industry is released as waste heat. Majority of waste heat sources are at low 
temperatures, however, depending on the type of industry, waste heat temperature can be from 90 
°C to 1320 °C with medium grade waste heat with temperatures 230-650 °C coming from steam 
boiler, gas turbine, reciprocating engine exhaust, heat treating furnace, drying and baking oven, 
and cement kiln. Therefore, in addition to conventional heat sources (e.g., fossil fuel) and 
renewable energy (e.g., solar energy), this waste heat can be potentially utilized for high 
temperature MD.  
One of the potential uses for high temperature MD envisioned by Dastgheib and Shannon is a 
distillation unit for purification of SC steam in a power-water cogeneration technology operating 
at SCW conditions [42]. Flow diagram of the overall process is presented in Figure 5-18. In the 
U.S., ~40% of total freshwater is withdrawn for the thermoelectric power sector [43,44]. 
Environmental regulations (e.g. CO2 capture) and climate change may further increase the water 
demand of the power sector. Alternative water resources should be used to reduce the load on fresh 
water resources. Some of the alternative sources can be brackish water (<3,000 ppm),  concentrated 
brine from other existing desalination plants, and produced water (>1,00,000 ppm) [44–47].  
The envisioned system steps shown in Figure 5-18 can take even high salinity brine after 
suitable pretreatment as a feed solution [44], heat and pressurize the solution to SCW conditions 
where the salt solubility is very low (~100 mg/L) [48], and finally distill the SC steam with little 
salt to ultrapure steam by high temperature and pressure MD for power production.  
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Figure 5-18: Flow diagram showing steps of power-water cogeneration technology envisioned by 
Dastgheib and Shannon [42]. 
 
Our previous study shows that among a host of materials like ceramics and corundum, only 
graphitic materials were stable and hydrophobic after exposure to LDSCW [9]. Therefore, success 
of high temperature and pressure MD is dependent on having suitable graphitic membranes. In 
addition, the conditions (temperature and pressure) of high temperature and pressure MD should 
be optimized. There are research findings that suggest liquid repellency of graphitic materials will 
diminish and then vanish after a certain temperature (270 °C; known as wetting transition)[49–
53]. Therefore, graphitic membranes may not be able to create vapor-liquid interface at the pore 
entrance after that temperature. Furthermore, unlike the subcritical water, SC water exists as only 
one phase. However, due to water interaction with confined graphitic channels leading to faster 
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diffusion, selective transport of only water molecules (leaving the salt behind) may be possible 
[54]. Therefore, in addition to desalination investigation, testing of graphitic membranes with high 
temperature and pressure MD should also improve the understanding wetting transition 
phenomenon. Schematic diagram of high temperature and pressure MD is shown in Figure 5-19. 
In this case, high temperature (TH) compressed saline feed water and compressed fresh water 
(<TH) comes in contact with opposite sides of a graphitic membrane. Due to transmembrane vapor 
pressure differential, pure water vapor should flow from feed side to the permeate side.  
 
 
Figure 5-19: Schematic diagram of high temperature and pressure MD.  
 
5.4 High Temperature and Pressure Membrane Distillation Experiments 
 
High temperature and pressure MD experiments were performed with a lab-scale system only 
for MD, and with another system that is capable of going to and over critical point (CP) of water 
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and has a salt precipitation chamber. The systems are briefly described first, and then the 
investigation with these two systems are discussed. 
5.4.1 High Temperature and Pressure Membrane Distillation Systems 
 
A bench-scale system was designed and assembled to test membranes with compressed liquid 
up to 200 °C. The schematic diagram of the system is shown in Figure 5-20 and picture of the 
actual setup is shown in Figure 5-21. This experimental setup utilizes the principle of SGMD as 
mentioned in section 5.3. Therefore, instead of having compressed liquid fresh water on the 
permeate side to condense the water vapor coming through the membrane, this system has 
compressed helium gas as a sweeping gas at slightly lower pressure than the feed side. As water 
from feed side evaporates and passes to the permeate side due to pressure differential across the 
membrane, helium gas carries away the vapor to the stainless steel condenser in liquid nitrogen 
bath. The feed side pressure is controlled by a back pressure regulator, and permeate side pressure 
is maintained by a diaphragm type pressure regulator with feed pressure as the input. The feed 
water is pressurized by a high pressure pump, and then heated to the desired temperature (<200 
°C) using a furnace. 
Another high temperature and pressure MD system that is integrated with the SC salt 
precipitation chamber was designed in our laboratory, and improved and fabricated by Parr 
instrument. Computer aided design (CAD) of membrane holder for this high temperature and 
pressure MD system is shown in Figure 5-22. The membrane holder consists of two separate 
pressure vessels to hold compressed feed and permeate solutions at high temperature and pressure. 
The pressure vessels are made of Hastelloy C 276 for corrosion resistance. This system operates 
in the principle of DCMD as shown in Figure 5-19. Schematic diagram of the integrated SC water 
salt precipitation and high temperature and pressure MD experimental setup is shown in Figure 
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5-23. Picture of the actual setup is shown in Figure 5-24. In a similar manner as the other high 
temperature and pressure MD setup mentioned above, feed side pressure is controlled by a back 
pressure regulator, and permeate side pressure is maintained by diaphragm type pressure regulator 
with feed pressure as the input. Both feed and permeate are pressurized by high pressure pumps, 
and then heated to the desired temperature (up to 500 °C) using heaters with proportional-integral-
derivative (PID) controllers. 
 
Figure 5-20: Schematic diagram of high temperature and pressure SGMD setup for testing 
membranes with compressed liquid at temperatures up to 200 °C.  
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Figure 5-21: Picture of high temperature and pressure SGMD setup for testing membranes with 
compressed liquid at temperatures up to 200 °C at Applied Research Laboratory.  
 
 
Figure 5-22: CAD design of membrane holder of high temperature and pressure DCMD system 
integrated with SCW salt precipitation system.   
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Figure 5-23: Schematic diagram of integrated SCW salt precipitation, and high temperature and 
pressure DCMD experimental setup. Adopted from schematic diagrams provided by Parr 
Instruments. 
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Figure 5-24: Picutre of integrated SCW salt precipitation, and high temperature and pressure 
DCMD experimental setup at Applied Research Laboratory. 
 
 
162 
 
5.4.2 Experimental Observations 
 
Graphite and pyrolytic carbon membranes were tested with the high temperature and pressure 
MD systems. A carbon nanofiber (CNF) membrane coated with PC for 12 hr (similar to PC 
membranes shown in Figure 5-16C) was tested with the high temperature and pressure SGMD 
system shown in Figure 5-21 at 120 °C and 30 psi pressure and with a helium flow rate of 1,500 
mL/min. A commercial Teflon membrane was also tested at the same condition as a control case. 
Feed solution for CNF membrane had 15,000 ppm TDS, whereas for Teflon it was 7,000 ppm 
TDS. While the pure water flux of CNF membrane was two orders of magnitude smaller than 
Teflon membrane, the rejection was 20% better (Figure 5-25). This indicates that graphitic carbon 
membranes can used for high temperature and pressure MD with reasonably good rejection, better 
than polymeric membranes. And graphitic carbon membranes are the only candidate for high 
temperature and pressure MD above 130 °C, which is the maximum operating temperature for 
polymeric membranes like Teflon.     
 
Figure 5-25: High temperature MD of pyrolytic carbon coated CNF and Teflon membrane using 
the system shown in Figure 5-21. 
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High temperature and pressure MD above 130 °C were performed with improved integrated 
SC water salt precipitation, and high temperature and pressure MD experimental setup. For this 
setup, the first stage was to investigate the capability of the system to precipitae salt from highly 
saline (35,000-200,000 ppm) feed solutions. The system was pressurized to 3,500 psia, and the SC 
salt precipitation system was then gradually heated to 385 or 500 °C while keeping the pressure at 
3,500 psia with a backpressure regulator at the end of the feed loop. Once the temperature and 
pressure of the SC salt precipitation reactor system were steady, the feed water on the feed side 
was switched from DI water to a 30,000 or 100,000 or 200,000 ppm NaCl solution, pumped at a 
flow rate of 2 mL/min. On the permeate side, DI water was continued to be pumped at the same 
flow rate of 2 mL/min. Porous glass microfiber material was placed inside the vessel in order to 
enhance the capture of salt crystals. Results of SC salt precipitation experiments are shown in 
Figure 5-26A. For all experiments, conductivity of the water sample collected from the end of the 
feed loop is measured and plotted against the operation time (Figure 5-26A). When the compressed 
saline feed water was heated to 385 °C, water after salt precipitation had maximum conductivity 
reading of 3500 µs/cm (~1500 ppm with 0.4237 conversion factor). However, for feed water 
temperature of 500 °C, water after salt precipitation had a conductivity reading of only ~300 µs/cm 
(~130 ppm). Therefore, more salt precipitates when feed temperature is higher. This finding is 
consistent with the salt solubility limit of SC at different temperatures [48]. This proves the system 
shown in Figure 5-24 can desalinate highly saline water from 200,000 ppm to 130 ppm TDS 
(~1000 times reduction in salinity). Even though water with 130 ppm salt is considered as fresh 
water, high temperature steam with this amount of salt may corrode the power producing turbine 
blades. Therefore, the integrated high temperature MD should reduce the salt concentration to less 
than 10 ppm for successful turbine operation. 
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Figure 5-26: A. SCW salt precipitation experiment producing water with TDS as low as ~130 ppm. 
B. High temperature and pressure, and SC MD results. All experiments were performed with the 
system shown in Figure 5-24. 
 
To test the efficiency of the integrated high temperature and pressure DCMD system, a graphite 
membrane (AF-5, POCO Graphite, TX, cut to 3 mm thickness membrane by Tri-Gemini, IL) was 
first tested with a NaCl feed solution of 100 mg/L at 200 °C and a permeate stream of deionized 
water at 150 °C. A relatively thick graphite disc was used to increase the LEP, and therefore make 
the membrane more suitable for testing with this system that operates at ~3500 psia pressure on 
the feed side and about 10 psi lower at the permeate side, with occasional pressure difference 
fluctuations of up to 150 psi. Pressure was chosen to be 3500 psia (above CP pressure) to utilize 
the feed stream from SCW salt precipitation chamber without decreasing the pressure. This way 
the pump work required to reach CP during salt precipitation is not lost in the process of pressure 
reduction. During the 2.5 hr test period, the graphite membrane showed average water flux of ~13 
LMH with up to 50% salt rejection (Figure 5-26B). To the best of my knowledge, this is the first 
demonstration of MD at temperatures higher than 130 °C, and therefore shows the capability of 
MD technology to operate in compressed water regime with temperature as high as 200 °C. In 
addition, this machined thick graphite membrane with nonuniform porosity (similar to the 
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membrane shown in Figure 5-3) was able to reduce the salt content of low salinity feed (~100 
ppm) to even lower level (~50 ppm), and close to ultra-pure water.  MD systems can also include 
multiple stage to achieve higher rejection like multi stage flash distillation [29]. Therefore, with 
multistage high temperature and pressure MD, ultrapure water with less than 10 ppm salt 
concentration could be produced. 
To better understand the potential of this high temperature and pressure MD, the results can be 
interpreted after normalizing flux with respect to membrane thickness and commercial Teflon 
membrane data. A commercial Teflon membrane (0.14 µm) was tested for DCMD in our 
laboratory at 80 °C (Flux ~40 LMH, Rejection ~99%, permeate side ~5 °C, more details is in 
Chapter 4). The transmembrane vapor pressure difference across the membrane for 80 °C feed 
(and 5 °C permeate) is ~7 psi [37]. Singh and Sirkar showed Teflon membrane can produce flux 
of 195 LMH with a transmembrane vapor pressure difference of ~30 psi at 130 °C [35]. Compared 
to our experiment with Teflon, Singh and Sirkar’s experiment was conducted at ~4.5 time higher 
transmembrane vapor pressure difference, and their flux was ~5 times higher. Therefore, a one to 
one relationship between increase in transmembrane vapor pressure differential and permeate flux 
can be observed. For 200 °C feed and 150 °C permeate, transmembrane vapor pressure difference 
is ~160 psi [37]. Therefore, for 200 °C feed water, there is 23 times higher driving force for the 
vapor to go through the membrane, and the flux could be ~920 LMH if Teflon membrane could 
be used at 200 °C. For our graphite membrane with ~21 times greater thickness, and largest pore 
size 4 times smaller than Teflon (by bubble point test [55]), expected flux is reduced by a factor 
of (21 x 4=84) due to membrane structure (pores and thickness). If we divide 920 LMH by 84, we 
get 11 LMH, which is similar to our experimental observation of 13 LMH.  
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The rejection through graphite membrane can be improved if a membrane with optimized pore 
size can be used. Porous graphite membrane has typically nonuniform tortuous pores, which may 
lead to less rejection during pressure fluctuation due to pore flooding of larger pores. As can be 
seen from Equation (5-10), LEP is inversely proportional to largest pore size, and directly 
proportional to surface tension. Surface tension is ~72 mN/m at room temperature. However, at 
200 °C, surface tension decreases to ~38 mN/m [37]. LEP for Teflon membranes with 200 nm 
pore has been reported to be ~40 psi [40]. Therefore, to sustain 4 times higher pressure of 160 psi 
across the membrane at 200 °C with decrease in surface tension by half, the pore size should be 
less than 1/8th of 200 nm (i.e. 25 nm). Therefore we envision that with a thinner graphitic 
membrane with uniform small pores (less than 25 nm), order of magnitude high flux and good 
rejection can be achieved by high temperature and pressure MD. This shows the potential of 
graphitic carbon membrane, the only candidate, for high temperature and pressure MD with 
integrated SCW salt precipitation system and in other cases, where waste heat is available to heat 
the feed water to high temperatures as discussed in Section 5.3.2 [41].  
In addition to MD experiments with compressed high temperature water, investigation was 
performed to test one phase supercritical MD. This experiment was run by our research group with 
the feed side at SCW conditions (400 °C) and subcritical conditions at the permeate side (350 °C) 
with similar pressure conditions as the first test. For this experiment, flux was ~50 LMH, and the 
rejection was 30% (Figure 5-26B). This is the first demonstration of MD with one phase 
supercritical feed water, and temperature as high as 400 °C. At the feed side, due to presence of 
one phase SCW, there is no liquid vapor interface. According to simulation, water diffusion is 
faster in a confined graphene channel of nanometer dimension, and diffusion becomes even faster 
as SCW conditions [54]. Therefore, during our experiment, water molecules may have travelled 
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faster through the graphite pores at SCW condition leaving the salt molecules behind, and 
condensed at the liquid-vapor interface at the subcritical permeate side. However, due to 
nonuniform pore size of the graphite membrane, it is likely that many of the pores could not 
produce confinement effect due to their large size, leading to low rejection. Nevertheless, a multi-
stage supercritical MD system could reduce the salinity in stages, finally reach salinity of less than 
10 ppm. More investigation with suitable graphitic membranes is necessary to fully understand the 
interesting phenomenon of high temperature and pressure, and supercritical MD. 
 
5.5 Conclusions 
 
In conclusion, a variety of graphitic and pyrolytic carbon membranes were prepared for high 
temperature and pressure MD. Integrated SCW salt precipitation and high temperature and 
pressure MD system was designed and assembled that can operate up to 500 °C. This system can 
desalinate 200,000 ppm saline solution to 200 ppm or less by SCW salt precipitation. Hydrophobic 
graphitic carbon membranes can advance the field of high temperature and pressure MD, which 
has thus far been limited to 130 °C due to usage of polymeric membranes. Graphitic carbon 
membrane showed their potential for high temperature and pressure MD by desalinating with 93% 
rejection at 120 °C and 60% rejection 200 °C. The possibility of using graphitic membranes for 
high temperature and pressure MD as shown in this chapter could lead to a new era in the research 
and development of high salinity water desalination using SCW salt precipitation and high 
temperature and pressure MD. 
 
5.6 Bibliography 
 
[1] Y.F. Li, M.Q. Guo, S.F. Yin, L. Chen, Y.B. Zhou, R.H. Qiu, et al., Graphite as a highly efficient and stable 
catalyst for the production of lactones, Carbon. 55 (2013) 269–275. 
[2] A.K. Geim, Graphene : Status and Prospects, Science. 324 (2009) 1530–1534. 
[3] M. Endo, M. Strano, P. Ajayan, Potential applications of carbon nanotubes, Carbon Nanotub. 62 (2008) 13–
168 
 
61. 
[4] H.O. Pierson, Handbook of Carbon, Graphite, Diamonds and Fullerenes, Handb. Carbon, Graph. Diamonds 
Fullerenes. (1993) 43–69.  
[5] D.D.L. Chung, Review Graphite, J. Mater. Sci. 37 (2002) 1475–1489. 
[6] R.C. Giberson, J.P. Walker, Reaction of nuclear graphite with water vapor part I. Effect of hydrogen and water 
vapor partial pressures, Carbon. 3 (1966) 521–525. 
[7] R.T. Yang, K.L. Yang, Kinetics and mechanisms of the carbon-steam reaction on the monolayer and 
multilayer edges of graphite, Carbon. 23 (1985) 537–547.  
[8] R.T. Yang, R.Z. Duan, Kinetics and mechanism of gas-carbon reactions: conformation of etch pits, hydrogen 
inhibition and anisotropy in reactivity, Carbon. 23 (1985) 325–331. 
[9] A. Ashraf, S.A. Dastgheib, G. Mensing, M.A. Shannon, Surface characteristics of selected carbon materials 
exposed to supercritical water, J. Supercrit. Fluids. 76 (2013) 32–40. 
[10] K. Celebi, J. Buchheim, R.M. Wyss, A. Droudian, P. Gasser, I. Shorubalko, et al., Ultimate permeation across 
atomically thin porous graphene., Science. 344 (2014) 289–92. 
[11] S.P. Surwade, S.N. Smirnov, I. V. Vlassiouk, R.R. Unocic, G.M. Veith, S. Dai, et al., Water desalination using 
nanoporous single-layer graphene., Nat. Nanotechnol. 10 (2015) 459–64.  
[12] A.K. Mishra, S. Ramaprabhu, Functionalized graphene sheets for arsenic removal and desalination of sea 
water, Desalination. 282 (2011) 39–45. 
[13] M. Bhadra, S. Roy, S. Mitra, Desalination across a graphene oxide membrane via direct contact membrane 
distillation, Desalination. 378 (2016) 37–43. 
[14] K.S.A. Novoselov, A.K. Geim, Sv. Morozov, D. Jiang, Mi. Katsnelson, Iv. Grigorieva, et al., Two-
dimensional gas of massless Dirac fermions in graphene, Nature. 438 (2005) 197–200. 
[15] X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, et al., Large-area synthesis of high-quality and uniform graphene 
films on copper foils, Science. 324 (2009) 1312–1314. 
[16] S.C. O’Hern, C.A. Stewart, M.S.H. Boutilier, J.C. Idrobo, S. Bhaviripudi, S.K. Das, et al., Selective molecular 
transport through intrinsic defects in a single layer of CVD graphene, ACS Nano. 6 (2012) 10130–10138. 
[17] X. Feng, S. Maier, M. Salmeron, Water splits epitaxial graphene and intercalates, J. Am. Chem. Soc. 134 
(2012) 5662–5668. 
[18] Z. Chen, W. Ren, L. Gao, B. Liu, S. Pei, H.-M. Cheng, Three-dimensional flexible and conductive 
interconnected graphene networks grown by chemical vapour deposition., Nat. Mater. 10 (2011) 424–428.  
[19] A.C. Ferrari, J.C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri, et al., Raman spectrum of graphene 
and graphene layers, Phys. Rev. Lett. 97 (2006) 187401. 
[20] M.C. Wang, S. Chun, R.S. Han, A. Ashraf, P. Kang, S. Nam, Heterogeneous, Three-Dimensional Texturing 
of Graphene, Nano Lett. 15 (2015) 1829–1835. 
[21] J. Sun, Y. Chen, M.K. Priydarshi, Z. Chen, A. Bachmatiuk, Z. Zou, et al., Direct Chemical Vapor Deposition-
Derived Graphene Glasses Targeting Wide Ranged Applications, Nano Lett. 15 (2015) 5846–5854. 
[22] S. Das, D. Lahiri, D.-Y. Lee, A. Agarwal, W. Choi, Measurements of the adhesion energy of graphene to 
metallic substrates, Carbon. 59 (2013) 121–129. 
[23] T. Yoon, W.C. Shin, T.Y. Kim, J.H. Mun, T.S. Kim, B.J. Cho, Direct measurement of adhesion energy of 
monolayer graphene as-grown on copper and its application to renewable transfer process, Nano Lett. 12 
(2012) 1448–1452. 
[24] D. Prasai, J.C. Tuberquia, R.R. Harl, G.K. Jennings, K.I. Bolotin, Graphene: corrosion-inhibiting coating, 
ACS Nano. 6 (2012) 1102–1108. 
[25] C.L. Tian, V.J. Hetherington, S. Reed, A review of pyrolytic carbon: application in bone and joint surgery., J. 
Foot Ankle Surg. 32 (1993) 490–8.  
[26] H. Cao, Mechanical performance of pyrolytic carbon in prosthetic heart valve applications., J. Heart Valve 
Dis. 5 Suppl 1 (1996) S32–49.  
[27] Y.Y. Li, T. Nomura, A. Sakoda, M. Suzuki, Fabrication of carbon coated ceramic membranes by pyrolysis of 
methane using a modified chemical vapor deposition apparatus, J. Memb. Sci. 197 (2002) 23–35.  
[28] P. Lucas,  a Marchand, Pyrolytic carbon deposition from methane: an analytical approach to the chemical 
process, Carbon. 28 (1990) 207–219. 
[29] H.W. Chung, J. Swaminathan, D.M. Warsinger, J.H. Lienhard V, Multistage vacuum membrane distillation 
(MSVMD) systems for high salinity applications, J. Memb. Sci. 497 (2016) 128–141. 
[30] M. Safavi, T. Mohammadi, High-salinity water desalination using VMD, Chem. Eng. J. 149 (2009) 191–195. 
[31] L.M. Camacho, L. Dumée, J. Zhang, J. de Li, M. Duke, J. Gomez, et al., Advances in membrane distillation 
for water desalination and purification applications, Water. 5 (2013) 94–196. 
169 
 
[32] P. Wang, T.-S. Chung, Recent advances in membrane distillation processes: Membrane development, 
configuration design and application exploring, J. Memb. Sci. 474 (2015) 39–56. 
[33] E. Drioli, A. Ali, F. Macedonio, Membrane distillation: Recent developments and perspectives, Desalination. 
356 (2015) 56–84. 
[34] Z. Ma, J.R. Irish, X. Liao, H. Cordatos, X. Yu, using a distillation system incorporating a hollow fiber 
membrane module having an outer casing with an interior region, a plurality of hollow fiber membranes 
extending through at least a portion of the interior region, exterior surfaces and inner hollow regions, U.S. 
Patent 7,871,520 (2011). 
[35] D. Singh, K.K. Sirkar, Desalination of brine and produced water by direct contact membrane distillation at 
high temperatures and pressures, J. Memb. Sci. 389 (2012) 380–388. 
[36] F. Banat, N. Jwaied, Exergy analysis of desalination by solar-powered membrane distillation units, 
Desalination. 230 (2008) 27–40. 
[37] P.J. Linstrom, W.G. Mallard, NIST Chemistry WebBook, NIST Standard Reference Database Number 69, 
National Institute of Standards and Technology, 2000.  
[38] R.W. Schofield,  a. G. Fane, C.J.D. Fell, Heat and mass transfer in membrane distillation, J. Memb. Sci. 33 
(1987) 299–313. 
[39] J. Zhang, N. Dow, M. Duke, E. Ostarcevic, J. De Li, S. Gray, Identification of material and physical features 
of membrane distillation membranes for high performance desalination, J. Memb. Sci. 349 (2010) 295–303. 
[40] A. Alkhudhiri, N. Darwish, N. Hilal, Membrane distillation: A comprehensive review, Desalination. 287 
(2012) 2–18. 
[41] B. Inc, Waste Heat Recovery: Technology Opportunities in the US Industry, Waste Heat Recover. Technol. 
Oppor. US Ind. (2008) 1–112.  
[42] M. Shannon, S. Dastgheib, A. Ashraf, S.F. Barna, Efficient Cogeneration of Water and Electrical Power, 
(2012) Invention Disclosure TF12182. 
[43] M.A. Maupin, J.F. Kenny, S.S. Hutson, J.K. Lovelace, N.L. Barber, K.S. Linsey, Estimated use of water in 
the United States in 2010, U.S. Geol. Surv. Circ. (2014) 56.  
[44] C. Knutson, S. A. Dastgheib, Y. Yang, A. Ashraf, C. Duckworth, P. Sinata, I. Sugiyono, M. A. Shannon, and 
C. J. Werth. "Reuse of produced water from CO2 enhanced oil recovery, coal-bed methane, and mine pool 
water by coal-based power plants." Final report for US DOE project DE-NT0005343 (2012). 
[45] C. Clark, J. Veil, Produced Water Volumes and Management Practices in the United States, 2009. 
[46] J.P. Mericq, S. Laborie, C. Cabassud, Vacuum membrane distillation of seawater reverse osmosis brines, 
Water Res. 44 (2010) 5260–5273. 
[47] D.L. Shaffer, L.H. Arias Chavez, M. Ben-Sasson, S. Romero-Vargas Castrillon, N.Y. Yip, M. Elimelech, 
Desalination and reuse of high-salinity shale gas produced water: Drivers, technologies, and future directions, 
Environ. Sci. Technol. 47 (2013) 9569–9583. 
[48] P. Kritzer, Corrosion in high-temperature and supercritical water and aqueous solutions: A review, J. 
Supercrit. Fluids. 29 (2004) 1–29. 
[49] D. Bonn, D. Ross, Wetting transitions, Reports Prog. Phys. 64 (2001) 1085–1163. 
[50] S.R. Friedman, M. Khalil, P. Taborek, Wetting transition in water, Phys. Rev. Lett. 111 (2013) 1–5. 
[51] J.W. Cahn, Critical point wetting, J. Chem. Phys. 66 (1977) 3667.  
[52] S.M. Gatica, J.K. Johnson, X.C. Zhao, M.W. Cole, Wetting transition of water on graphite and other surfaces, 
J. Phys. Chem. B. 108 (2004) 11704–11708. 
[53] X. Zhao, Wetting transition of water on graphite: Monte Carlo simulations, Phys. Rev. B - Condens. Matter 
Mater. Phys. 76 (2007). 
[54] J. Marti, J. Sala, E. Guardia, Molecular dynamics simulations of water confined in graphene nanochannels: 
From ambient to supercritical environments, J. Mol. Liq. 153 (2010) 72–78. 
[55] A. Standard, F316-03, Stand. Test Methods Pore Size Charact. Membr. Filters by Bubble Point Mean Flow 
Pore Test, ASTM Int. West Conshohocken, PA. (2003). 
 
